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Abstract 
This thesis presents mainly a detailed investigation of the optical properties of 
GaN nanowires (NWs) ensemble and single GaN NW in particular by Raman 
spectroscopy. The Raman scattering in GaN/AlN superlattice has also investigated. 
NWs are often considered as potential building blocks for future nanometer scaled 
devices. This is based on several attractive features that are generally ascribed to NWs. 
For instance, they are expected to grow strain free and defects even on substrates with 
a large structural mismatch. This can be examined in different NWs samples by the 
Raman frequency and line width of non-polar E2h phonon. 
In the first part of the thesis, the characterization of morphologies, structure, 
dimensions and orientation have been investigated in the GaN NWs grown on Si 
substrates by plasma assisted molecular beam epitaxy (PA-MBE) without any catalyst. 
These results indicate good crystallization quality of MBE and several inhomogeneity 
of NWs. 
The major part of this thesis discusses the vibrational properties of GaN NWs. 
The investigation of Raman scattering of NWs ensemble and single NW reveal the 
significant phonon behavior as a function of their large surface-to-volume ratio. First, 
certain optical features are only found in the Raman spectra of GaN NWs but not in 
that of bulk GaN. An unexpected emergence of a two peaks band located near 700 
cm-1 has been found in the undoped NWs but not in Si-doped NWs. This is attributed 
to the Raman scattering by surface related modes and has been confirmed by their 
high sensitivity to the dielectric constant of the NWs surrounding medium. We used 
an effective dielectric continuum model to interpret and detailed analyze these 
observations. Second, the optical characteristics of individual NW are also 
investigated in this context. The dependence of Raman intensity on the size of NWs 
and polarization of light excitation has been studied. The observed enhancement of 
A1(TO) mode and a shoulder in high frequency side are strongly related to excitation 
wavelength and the aspect ratio of single NW. The frequencies and distribution of 
light electric field inside NW of these modes have been analyzed by a DDA-based 
calculation model.  
The Raman scattering of core-shell structural NWs and GaN/AlN superlattice are 
also discussed. By using UV resonant excitation, double strain states induced by AlN 
shell have been found in GaN/AlN core-shell structural NWs and the interface mode 
has been observed in addition to the Quasi-Longitudinal Optical mode in the 
GaN/AlN superlattice. Finally，the analysis of stress distribution on crack free thick 
GaN layers has been performed by Raman measurement. We have investigated the 
influence of different sizes and trench height of GaN mesa on the strain distribution. 
This strain/stress field was modeled within the framework of linear elasticity theory 
using finite element method (FEM). 
 
Keyword: 
Gallium Nitride, Nanowires, Raman scattering, surface-related modes, strain 
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Résumé 
La thèse présente une analyse détaillée des propriétés optiques d’assemblées de 
nanofils de GaN mais aussi de nanofils individuels, menée essentiellement par 
diffusion inélastique de la lumière par les excitations du réseau cristallin. Des études 
ont été également menées dans des nanofils contenant des super-réseaux GaN/AlN. 
Ces nano-objets pourraient jouer un rôle clef dans les dispositifs à l’échelle 
nanométrique de demain, en raison notamment de leur très grande qualité structurale 
et de leur faible niveau de déformation interne, confirmés par l’analyse de la raie 
Raman correspondant au mode de vibration optique non polaire de symétrie E2 de 
haute fréquence.  
Dans la première partie de la thèse, une étude des différents paramètres est 
proposée dans des nanofils GaN fabriqués par épitaxie par jets moléculaires assistée 
Plasma sur substrat Silicium : morphologie, structure cristalline, dimension et 
orientation. Les résultats démontrent une certaine inhomogénéité des nanofils sur leur 
substrat.  
La partie centrale de la thèse se focalise sur les propriétés vibrationnelles des 
nanofils de GaN. 
D’une part, les spectres Raman révèlent un comportement caractéristique du 
grand rapport surface/volume associé à ces nano-objets, qui les différencient 
nettement du comportement du matériau massif. En particulier, la thèse fournit une 
analyse détaillée de nouvelles signatures spectrales dans la partie haute fréquence des 
spectres, en fonction de différents paramètres expérimentaux liés au matériau et aux 
mesures Raman: dopage, orientation, densité, environnement diélectrique extérieur, 
paramètres d’illumination de la surface. Nous avons pu ainsi démontrer qu’il s’agit de 
vibrations localisées à la surface des nanofils, et dont nous proposons une description 
simple en un milieu moyen décrit par une fonction diélectrique effective. 
D’autre part, une étude Raman systématique est aussi proposée en fonction de la 
polarisation du laser excitateur, de la dimension et du rapport d’aspect de nanofils 
GaN analysés individuellement. L’exaltation de l’intensité de la diffusion Raman par 
le mode transverse optique de symétrie A1(TO) et d’un épaulement associé, est 
corrélée à la longueur d’onde d’excitation et au rapport d’aspect des nanofils. Le bon 
accord observé avec les résultats de calculs réalisés dans le cadre de l’approximation 
par dipôles discrets (DDA) indique que ces deux signatures sont associées à des 
vibrations confinées dans le nanofil. Ces calculs indiquent en outre, que les vibrations 
localisées aux surfaces sont insensibles au rapport d’aspect du nanofil, en bon accord 
avec les résultats expérimentaux. 
L’étude de nanofils individuels GaN fonctionnalisés par insertion de disques 
quantiques AlN est aussi présentée. L’utilisation de la diffusion Raman résonnante 
permet d’augmenter la sensibilité de la sonde vibrationnelle et de mettre en évidence 
des fluctuations structurales à l’intérieur d’un nanofil unique. Enfin, nous proposons 
l’analyse de la distribution des déformations dans des couches épaisses de GaN 
épitaxiées sur des mesas sur substrat Silicium. Une analyse systématique de 
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l’influence de la dimension et de la hauteur de tranchées associées aux mesas GaN sur 
la distribution des déformations est conduite en couplant étroitement cartographie 
Raman et calculs dans le cadre de la théorie de l’élasticité linéaire utilisant la méthode 
des éléments finis.     
 
Mots Clefs : 
Nitrure de Gallium, Nanofils, diffusion Raman, Modes de surface, déformation. 
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Chapter 1 Introduction 
1.1 Objective of this thesis 
The material system of interest in this thesis is the wide band gap III-nitride 
semiconductor gallium nitride (GaN) nanowires (NWs) and GaN/AlN superlattice 
NWs. III-Nitrides have attracted lots of attention as promising materials for 
optoelectronic applications from blue to ultraviolet range. NWs are often considered 
as potential building blocks for future nanometer-scaled devices. Due to the lack of 
lattice matched substrates, there are high defects density and strain induced by 
thermal expansion coefficient mismatch and lattice mismatch in the traditional 2D 
GaN-based devices, which limit the devices performance. However, the interface 
dimension in NWs is considerably reduced. As a consequence, extended defects are 
bound to bent to the nearby surface rather than propagating along the entire crystal. 
Furthermore, an efficient elastic strain relaxation is expected at the interface of the 
NWs and the substrate [1-3]. In other words, NWs are believed to be essentially free 
of strain and extended defects, and their functionality is independent of the chosen 
substrate. It also allows the compatibility and availability of current semiconductor 
manufacturing technologies and the large size (up to 12 inch in silicon substrate) with 
low cost. Meanwhile, the absence of defects in the superlattice NWs structures may 
drastically improve the performance of optical devices such as light emitting diodes 
(LEDs) [4]. Due to 1D geometry of NWs, the efficient coupling of light is also 
expected for photodetectors, solar cells and LEDs. The applications based on GaN 
NWs have also been reported such as field effect transistors [5], photodetectors [6], 
sensors [7] and lasers diode [8].  
The optical and vibrational properties of GaN NWs are strongly different 
compared to conventional macroscopic material.  There are still many aspects of 
fundamental optical and electrical properties poorly understood by their strongly 
anisotropic geometry. In this context, the purpose of this thesis is to understand 
vibrational and optical properties in GaN NWs which were grown by plasma-assisted 
Molecular Beam Epitaxy (MBE). My work focuses on the optical properties of both 
GaN NWs ensemble and single GaN NWs. We combine Raman spectroscopy, atomic 
force microscopy (AFM) and scanning electron microscopy (SEM) to analyze these 
NWs. We characterize these properties of pure GaN nanowires (non functional) and 
GaN/AlN heterostructure nanowires (functional) from ensemble to single, attempting 
to explain the observations that we measured in the Raman experiments. Particular 
attention has been paid to surface-related effects due to their large surface-to-volume 
ratio, which can possibly influence the electrical properties of devices. We also 
investigate vibration properties of the GaN/AlN superlattice NWs and core/shell 
structure NWs. Finally, we study the strain distribution in GaN epilayer grown on 
silicon (110) substrate as a function of mesa size, thickness, silicon pattern height. 
These samples are grown by metal organic chemical vapor deposition (MOCVD). 
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1.2 Overview of III Nitride semiconductor material and 
applications 
Following the first generation (Si, Ge) and the second generation (GaAs, InP), 
the III-nitride known as the third generation semiconductor materials, have attracted 
extreme attention either in the laboratory investigations or in the commercial area. 
III-nitride GaN, AlN, InN can form alloys, whose band gap can cover a continuum 
range from the red 1.9eV (653nm) to ultraviolet 6.2eV (200nm). GaN as a kind of 
promising semiconductor material has favorable material properties, such as high 
electron mobility and high electron saturated velocity. In recent years, more and more 
efforts have been made to realize its promising applications in shortwave light 
emitting devices, photo-detectors, high power and high frequency electronic devices. 
GaN is a very hard, mechanically stable material. GaN (3.42eV) and SiC 
(3.26eV) have large bandgap energies about two or three time of those in 
conventional semiconductor such as Si (1.12eV), GaAs (1.43eV) and InP (1.35eV). 
The high electric breakdown fields in GaN due to the large bandgap allow the 
application of high power, high temperature area. Moreover, the thermal conductivity 
of a semiconductor material is very important. Poor thermal conductivity leads to 
degraded device operation at elevated temperature. Conventional semiconductors are 
poor thermal conductors, particularly GaAs and InP. Conversely, SiC is excellent 
thermal conductor and GaN is comparable with Si. Due to the lack and immaturity of 
heterojunction technology for SiC, it does not challenge the GaN-based material. 
GaN was synthesized firstly by Juza and Hahn in the 1938s [9].The significant 
breakthrough had been made in 1971 by Pankove et al.[10]. They achieved the first 
GaN light emitting diode (LED) with Zn-doped p-type layer although the luminescent 
efficiency was very low. But little progress has been made after that in controlling the 
high intrinsic n-type conductivity and obtaining conducting p-type GaN films. Until 
1991, Nakamura developed the first Mg-doped homojunction blue LEDs on sapphire 
substrate. They have increased the brightness to 1cd from InGaN/AlGaN 
heterostructures[11] in 1993 and reached 2cd in 1995. With the improvement of the 
crystalline quality and some processing such as of Al2O3 passivation layers 
disposition on the surface [12], the brightness can be improved about 13.6% higher 
than the conventional LEDs. High brightness blue LEDs have been hugely used in the 
commercial field for full color displays, high density optical information storage, etc. 
Today, the brightness of LED lamp based on GaN-on-GaN can achieve center-beam 
candle power (CBCP) of 2375 cd at 25° beam angle.[13] 
    For the laser (LD) applications, the current DVD systems use a red LD with 
wavelength of 650nm. GaN-based blue-violet LDs with an emission wavelength of 
405nm will be applied for next generation DVD and optical high density data storage 
systems. Using these blue-violet LDs it is already possible to write huge amounts of 
data (27GB) on a single-layer DVD disk. At present, Tokyo Sony Company has led a 
so-called blue ray Disc, which is pushing one of two competing standards for the 
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design of the disc, players and recorders that use blue GaN based LDs. Other GaN 
based LD applications are laser printing, projection displayers, and medical, etc. 
    In spite of the rapid development of the III-nitrides materials, their growth of 
high quality with low cost are still difficult to achieve. No suitable substrate material 
with a reasonably close lattice match is the main problem. Although sapphire has been 
industrial choice of GaN based epitaxy as a substrate, it has many difficulties in 
making large diameter wafers caused by material hardness. In the point of large 
diameter GaN based epitaxy for LED and power device applications, silicon is the 
most promising substrate of GaN epitaxy if one can eliminate cracks and improve the 
crystal qualities because it has been already ready for up to 12 inch with low cost. The 
choice of the substrate for GaN epitaxy will be discussed below. 
1.3 Choice of the substrates for GaN epitaxy  
The most challenging aspects of GaN based devices come from the lack of a 
suitable substrate. The excellent performance GaN based devices could be reached by 
the use of homoepitaxy on bulk GaN substrates. However three-dimensional crystals 
of GaN are not produced on a commercial scale. We rely only on heteroepitaxy in 
preparation of devices based on GaN. In practice for heteroepitaxy, not only lattice 
constants and thermal properties are of a great importance, but also the structure of 
crystal material, treatment of a surface, chemical and electric properties of the 
material used, have also a great influence on selection of the substrates. The most 
common substrate materials used today have very different properties than the GaN 
layer itself. We consider mostly the following factors for a suitable substrate. 
(1) the less lattice mismatch as possible. 
(2) closer thermal expansion coefficient as possible. 
(3) the wafer size, price, etc. 
- Sapphire (Al2O3): 
    Traditionally, Sapphire is the most commonly used substrate for GaN Epitaxy. It 
is an interesting choice because it is semi-insulating. It can withstand the required 
high growth temperature and it is relatively cheap ($100/2 inch). The growth 
technology is relatively mature and it does not absorb visible light. Meanwhile, the 
large lattice mismatch with GaN has been reduced by deposition of buffer layers 
[14-16]. However, the thermal expansion coefficient of sapphire is higher than that of 
GaN, and therefore biaxial compressive strain arises in an epitaxial layer during 
cooling process. It is difficult for cleavage due to its poor mechanical property. The 
poor thermal conductivity of the device is not in evidence under a small current but it 
degenerates with great current in power devices. 
- Silicon carbide (SiC): 
Silicon carbide (SiC) has a number of advantages over sapphire for GaN growing. 
First of all, the lattice mismatch with GaN is low (3.1%). In addition, the thermal 
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conductivity coefficient of SiC is high (3.8 Wt/cmK at 300K), whereas, doped SiC 
possesses high electrical conductivity. It implies that electric contacts can be made on 
the reverse side of a substrate, and the technology of device manufacturing is 
relatively simplified. The cleavage is convenient and it has a good chemical stability, 
electrical and thermal conductivity. But the crystal quality has less performance than 
Sapphire and Si. The main limitation of silicon carbide lies in its high cost. A 
high-quality 4 inch wafer costs about 3000 $ and wafer of a larger diameter are not 
available. In addition, at the end of growth process, we need to etch off an initial 
substrate. This is a hard task in the case of SiC, because etching off SiC is a very 
tedious and complex process. The significant issue for SiC substrate so far is to 
reduce the costs and improve the crystal quality. 
- Aluminium nitride (AlN): 
Single-crystal aluminum nitride (AlN) substrates are possibly the best candidates 
for the heteroepitaxial growth of GaN epilayers because they have the same structure 
(wurtzite), high thermal conductivity (2.85 – 3.2 W/cmK at 300 K), high electrical 
resistivity (107 – 1013 Wcm) [17], and their lattice mismatch (2.4 %) and thermal 
expansion coefficient mismatch (approximately 5.2 % from RT up to 1000°C) are 
very low. As a result of the last two properties, the defect density of GaN epitaxial 
layers on AlN substrates is on the order of 103 - 104 cm−2 for 2 inch substrates [18], 
which is about four to five orders of magnitude lower than that of layers grown on 2 
inch SiC substrates. However it should be noted that the growth of high-quality large 
diameter bulk AlN substrates has proven to be very complicated. Only since early 
2006, the US-based company Crystal IS has made 2 inch single-crystal AlN substrates 
available for the first time [18]. First AlGaN/GaN HFETs fabricated on small AlN 
substrates have shown DC current-voltage characteristics comparable to those 
fabricated on SiC [19]. 
- Silicon (Si): 
Although sapphire has been industrial choice of GaN based epitaxy as a substrate, 
it has many difficulties in making large diameter wafers. In the point of large diameter 
GaN based epitaxy for LED and power device applications, silicon (Si) is the most 
promising substrate of GaN epitaxy if we can eliminate cracks and improve the 
crystal qualities. 
Si wafer as a substrate of GaN has many advantages, such as excellent physical 
properties, a high crystal quality, low cost of epitaxial growth, good electrical 
conductivity, thermal conductivity and stability. In addition, the possibility to 
integrate optoelectronic devices on GaN-base with Si-microelectronics appears to be 
very attractive. However, the great lattice (17%) and thermal mismatch (56%), the 
facility to form amorphous silicon nitride (SiN) have restricted the GaN based devices 
development. It is difficult to obtain a perfect GaN layer on Si without crack. 
Both cubic and hexagonal GaN can be grown on Si (001) and sometimes buffer 
Al2O3, AlN, AlxGa1-xN layers are used. However, the epitaxial layer prepared within 
these approaches are still of low quality. Si(111) substrates are believed to be more 
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preferable to grow GaN. The best buffer layers to avoid the formation of an 
amorphous SiN and improve crystalline quality SiC and AlN. 
1.4 The growth technologies of GaN nanowires 
Strong interest has been devoted to the research in solid state physics of these 
nanostructured materials, thanks to the latest developments in preparation methods 
like MOVPE ( Metal Organic Vapor Phase Epitaxy ), MBE (molecular beam epitaxy) 
and lithography etc. These techniques allow to prepare nano-sized semiconductors 
with excellent crystalline quality and most often also with epitaxially determined 
orientations with respect to a template. The GaN nanowires can be grown with or 
without catalysts. We introduce two main technologies, which will be described below: 
the Molecular Beam Epitaxy (MBE) and the Metal-Organic Chemical Vapour 
Deposition (MOCVD). 
 - Molecular Beam Epitaxy (MBE): 
MBE is one of several methods of depositing single crystals. It was invented in 
the late 1960s at Bell Telephone Laboratories by J. R. Arthur and Alfred Y. Cho [23]. 
It is a technique for epitaxial growth via the interaction of one or several molecular or 
atomic beams that occurs on a surface of a heated crystalline substrate. The solid 
sources materials are placed in evaporation cells to provide an angular distribution of 
atoms or molecules in a beam. The substrate is heated to the necessary temperature 
and, when needed, continuously rotated to improve the growth homogeneity. In the 
MBE process, the constituent elements of a semiconductor in the form of “molecular 
beams” are deposited onto a heated crystalline substrate. The “molecular beams” are 
typically from thermally evaporated elemental sources or gases. The growth rate are 
typically on the order of a few Հ/s and the beams can be shuttered in a fraction of a 
second, allowing for nearly atomically abrupt transition from one material to another. 
At low deposition rates, the growth process can be thus monitored and a crystal may 
be built one atomic layer at a time [24]. Nitride semiconductors are usually grown 
with “plasma-assisted” MBE where active nitrogen (N2) is produced by a plasma 
source.  
Ultra high vacuum (UHV) is the essential environment for MBE. The rate of 
nitrogen evolution in the reaction chamber has to be controlled as low as possible. 
Therefore, the thickness of the epilayer can be precisely controlled. However, the 
growth time is too long to meet the production of thick epitaxial layer devices such as 
LEDs, LDs.  
- Metal Organic Chemical Vapor Deposition (MOCVD) 
The metal organic chemical vapor deposition (MOCVD) originated in the 
pioneering work of H. M. Manasevit [25]. It is also called metal organic vapor phase 
epitaxy (MOVPE). It has evolved as a leading technique, with the increasing 
innovations in nitride based optoelectronic technology is the main method of epitaxial 
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growth of materials, especially compound semiconductors. In the early 1980s, it was 
argued whether MOCVD could ever compete with MBE with respect to the quality of 
epitaxy such as thickness control, composition uniformity and the interface abruptness 
of the grown materials. MBE is problematic of growing Nitride- and Phosphide-based 
III-V semiconductors. While MOCVD, has been renowned for its high production 
capability and its large variety of source materials using metal organic compounds. 
Large scale manufacturing potential of MOCVD is an important attribute of this 
technique. Hence, today MOCVD has become as the preferred and better candidate 
for large scale production of GaN based commercial optoelectronic applications due 
to its moderate growth rate and the precise control of film thickness of process.  
In the MOCVD process, gaseous precursors of the semiconductor elements are 
mixed with transport gases and injected into a reactor. These precursors are pyrollysed 
onto a heated substrate and react with the surface. The growth temperature is 550°C – 
700°C due to the stable growth rates. Different with MBE, which is mostly a physical 
deposition in ultra-high vacuum conditions, MOCVD involves complex gas phase and 
surface chemical reactions [26] and is performed at higher gas pressures (typically 
800 mbar for GaN). Metal organic molecules such as trimethyl-gallium or 
trimethyl-aluminum are used as precursors for Gallium and Aluminium, while 
ammonia (NH3) is used as a source for nitrogen. A typical deposition process for 
MOCVD growth of GaN can be expressed as: 
GaሺCHଷሻଷ ሺvapourሻ ൅  NHଷ ሺvapourሻ െ൐  ܩܽܰ ሺsolidሻ ൅ 3CHସ ሺvapourሻ 
This expression above is a very simplified one and ignores the specific reation 
path and growth process is inadequately understood so far. 
Recently, it is reported that catalyst-free GaN nanowires have been grown with 
MOCVD on a ܿ-phase sapphire substrate covered with a thin dielectric layer [27]. It 
is based on a thin SiNx in situ deposited layer that must be carefully controlled to 
promote the formation of the GaN seeds required for the wires growth. 
 
1.5. Techniques for the material characterization 
In this work, NWs under study were grown on Si substrate by PA-MBE. The 
preliminary examination of the NWs topographies, dimensions and surface quality 
were analyzed by scanning electron microscope (SEM) and atomic force microscopy 
(AFM). SEM was used for the overall 2D variation in surface structures in a large 
area view at once from hundreds ߤ݉ ൈ ߤ݉ even to several ݉݉ ൈ ݉݉, whereas 
AFM was used rather for analyzing 3D nature of the surface in a maximum scanning 
area of  100ߤ݉ ൈ 100ߤ݉ . Preparation of substrates to deposit single NW was 
realized by focused ion beam (FIB) which allows us to grave some marks above. 
Further and detailed studies related to vibrational properties of GaN have been 
performed by Raman spectroscopy. We will introduce these techniques as below. 
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1.5.1 Scanning Electron Microscopy (SEM) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SEM is an established technique for surface topography and chemical 
composition analysis in various disciplines of science and technology. The electrons 
interact with the sample within a few nanometers to several microns of the surface, 
depending on beam parameters and sample type. Electrons are emitted from the 
sample as either secondary electrons or backscattered electrons. The most common 
mode of detection is by secondary electrons in SEI mode. They are the signal used for 
investigations of surface morphology. They are produced as a result of interactions 
between the beam electrons and weakly bound electrons in the conduction band of the 
sample. Some energy of the beam electrons is transferred to the conduction band 
electrons in the sample, providing enough energy for their escape from the sample 
surface as secondary electrons. They are low energy electrons (<50eV), so only those 
located within the first few nanometers of the surface have enough energy to escape 
and be detected. On the other hand, high energy beam electrons which are scattered 
back out of the sample (backscattered electrons (BSE)) can provide information of 
different elements in the sample in the BSE mode. They can emerge from the sample 
at a much larger distance away from the impact of the incident beam which makes 
their spatial distribution larger. The intensity of BSE signal is stronger than that of 
secondary electrons. Once these electrons escape from the sample surface, they are 
typically detected by a photomultiplier detector. 
Figure 1.1. Schematic of the 
components of a typical SEM 
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A schematic of a typical SEM is shown in Figure 1.1. An electron gun at the top 
produces a beam of monochromatic electrons which is condensed by the first 
condenser lens and limits the amount of current in the beam. It works in conjunction 
with the condenser aperture to eliminate the high angle electrons form the beam. The 
second condenser lens forms the electrons into a thin, tight, coherent beam. Then a set 
of deflection coils “scan” or “sweep” the beam in the grid manner, detecting points for 
a period of time determined by the scan speed. When the beam strikes the sample, 
interactions occurs at the surface and secondary electrons are emitted from the sample 
at each x, y data point during the rastering of the electron beam across the surface. 
The SEM image is formed as the result of the intensity of those secondary electrons. 
Electron emission from the filament to the sample is produced by applying a 
voltage between the sample and filament. This occurs in a vacuum environment 
ranging from 10-4 to 10-10 Torr. The resolution of a SEM can be represented by 
wavelength of an electron which is written as 
 λ ൌ ୦
ටଶ୫బୣV൬ భశ౛Vమౣబౙమ൰
 , where m଴ is the electron mass and c is the velocity of light. 
With an applied voltage at 10 kV, the electron wavelength is 0.12 nm. This resolution 
is sufficient for surface investigation of our NWs samples. 
1.5.2 Atomic Force Microscopy (AFM) 
AFM is used for qualitative and quantitative measurement of near surface 
characteristics of samples with atomic resolution, such as surface quality, cracks, local 
variations and roughness. 
 AFM consists of a scanning sharp tip on the end of a flexible cantilever across a 
sample surface with a small, constant force. The tips are typically made from silicon 
or silicon nitride, having a very low spring constant and an end radius of 20 nm to 60 
nm. The cantilever scans above the surface of samples by moving backward and 
forward across the surface. The force on the tip varies with the difference in the 
surface height and thus leads to the bending of the cantilever. It is dependent on the 
spring constant of the cantilever and the distance between the tip and the sample 
surface. According to Hook’s Law, this force can be described as F ൌ െkΔx, where F 
is the force, k is the spring constant and x is the cantilever deflection. This interaction 
is monitored by reflecting a laser off the top of the cantilever into a photodiode 
detector. By detecting the difference in the photo detector output voltages, changes in 
the cantilever deflection or oscillation amplitude are determined. Thus, a 3D image of 
the surface topography of the sample will be recorded by AFM.  
The schematic illustration of AFM and various scanning modes operated in 
different regions have been shown in Figure 1.2. The contact mode operates in the 
repulsive region and the non contact mode operates in the attractive region where the 
tip is several tens to hundreds of angstroms away from the sample surface. Contact 
mode and Tapping mode are two most commonly used modes of operation. In contact 
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mode, it involves sideways scanning by the cantilever tip over the sample surface. 
The tip makes soft physical contact with the sample and the scanner gently traces the 
tip across the sample. However, this mode is also associated with disadvantages. It 
will lose general integrity of the delicate samples and has a very low resolution with 
large soft samples. Therefore, contact mode is not ideal for some systems. However, 
this drawback can be overcome by tapping mode. In tapping mode, tip holder makes 
the cantilever oscillate up and down at its resonance frequency (typically ~300 kHz) 
and lightly “tapping” on the surface during scanning. The amplitude of this oscillation 
typically ranges from 20 nm to 100 nm. It can eliminate the lateral, shear forces 
present in contact mode. This enables tapping mode to image soft, fragile, and 
adhesive surfaces without causing any damage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.5.3 Focused ion beam (FIB)  
Focused ion beam (FIB) is a widely used technique for micro-fabrication of the 
samples. It can be applied for TEM sample preparation, preferential removal of 
certain area, semiconductor device editing or modifications, deposition of material 
onto it, etc. With the high energy Gallium ions striking the samples, it can also modify 
or machine materials at the micro- or nano- scale. Any conducted materials can be 
sputtered and also visualized by FIB of 5-10 nm spot size, even for non-conducted 
materials with an auxiliary charge compensative mechanism. The material removal 
rate of FIB (e.g. 0.02–0.05ߤ݉ଷ/ݏ for single crystal silicon) is higher than chemical 
etching and the smaller spot size is useful for ultra delicately surface finish. 
FIB system is a similar scientific instrument as a SEM. While SEM uses a 
focused beam of electrons to image the sample in the chamber, the FIB uses a focused 
Figure 1.2. Schematic of AFM (a) and Force-distance relation at atomic scales (b) 
(a) (b)
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beam of ions instead. However, most of FIB systems today are integrated with 
electron beam for in-situ imaging with scanning electron microscope (SEM). A 
current regulated power supply heats the liquid metal that can produce ion source. The 
energetic ions are brought to the substrate by electrostatic voltage with a long narrow 
cylindrical shape. In the ionization process, liquid metal atoms tend to lose electrons, 
thus becoming positive ions. Being charged particles, ions can be accelerated, focused, 
and controlled by electrostatic fields. Their relatively high mass allows them to induce 
the sputtering effects. The acceleration voltage causes ions to accelerate through the 
column to reach material surface. The higher acceleration voltage is applied, the faster 
ion’s travelling speed and the greater energies will achieve and hit the samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The basic principle of FIB is shown in figure 1.3. It consists of a liquid metal ion 
source, an ion extractor column, sample stage, vacuum working chamber, etc. 
Gallium is the most commonly used ion source because of its low melting point 
(~30 °C), higher emission characteristics with lower spread of energy, low surface 
free energy which promote viscous behaviors. The emission of Ga+ ions occurs in 
two steps. The heated Ga+ first wets a tungsten needle of 5–10 nm diameter. The 
heated Ga remains molten at ambient condition for 7–10 days. An electric field of 108 
V/cm is applied to the tungsten needle to form the Ga+ into a point source of 2–5 nm 
diameter as a form of “Taylor cone” where Ga is ionized and pulled down because of 
extraction voltage set to a constant value. Suppressor voltage is used to generate 
emission current in the range of 1–4 ߤܣ to maintain a lower spread and high stability 
of the beam. Once the Ga+ is extracted, they are accelerated and focused by 
electrostatic and magnetic fields to bombard on a substrate. The range of acceleration 
voltage is usually 5–50 keV. The stage usually has five degrees of freedom for 
Figure 1.3. Schematic of principle of a typical FIB
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movement (X, Y, Z, rotation, tilt). The whole system including the ion column and 
stage are maintained inside a vacuum system on the order of 10-8 Torr.  
However, FIB is destructive to the samples. When the high energy gallium ions 
strike the sample, they will sputter atoms from the surface. Gallium atoms will also be 
implanted into the top few nanometers of the surface, and the surface will be made 
amorphous. 
1.5.4 Raman scattering 
Raman scattering is the inelastic scattering of light which could provide a fast, 
contactless and nondestructive way to determine the characterization of electronic [28] 
and structural properties on an area spatially defined by the focal size of the optical 
beam. It requires no special sample preparation such as thinning and polishing. 
Further information on the interaction of the free electron, plasmon with phonons [29], 
optical surface phonon modes [30], strain [31, 32], and crystalline quality in materials 
can be also obtained simultaneously by the Raman scattering.   
- Raman effect 
When collection of molecules (liquid or gas) or solid material is illuminated with 
a beam of light of wave number νI෥ , most of the incident light is transmitted without 
any change, while a small portion of it is scattered within a whole solid angle. 
Spectral analysis of the scattered light shows that, in addition to scattering without 
change of wave number of the incident light (Rayleigh scattering), it contains also 
components of changed wave number. In general, there are pairs of new lines 
appearing in the spectrum at wave number positioned symmetrically with respect to 
the Rayleigh line, i.e. νୱ෥ ൌ νI෥ േ νM෦ , where the wave number νM෦  correspond to 
transmissions between rotational or vibrational energy levels of molecular or crystal 
structures. This appearance of changed frequencies (wave numbers) in scattered light 
is called the Raman effect or Raman scattering, discovered by C.V. Raman and K. S. 
Krishnan in liquids [33] in 1928, for which he was awarded the Nobel prize in 
physics in 1930 [34].  
    In fact, there are three particular types of light scattering (see in Figure 1.4) 
clarified by energy change νM෦  between the incident and the scattered photons as 
shown in the table as below. 
  
Energy change Scattering type Scattering feature 
< 10ିହ cm-1 Rayleigh elastic 
10ିହ ~10 cm-1 Brillouin inelastic 
>10 cm-1 Raman inelastic 
  
Raman scattering is a very weak effect and it is always accompanied with 
Rayleigh scattering with intensity usually 3–5 orders of magnitude greater. The new 
components appearing in the spectrum of the scattered radiation at shifted wave 
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numbers are named Raman lines, and collectively they are referred to the Raman 
spectrum. The Raman lines at wave numbers less than the exciting wave number are 
referred to as Stokes lines (νI෥ െ νM෦ ), whereas those appearing at higher wave numbers 
as anti-Stokes lines (νI෥ ൅ νM෦ ). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- Classical treatment of Raman scattering 
The scattering of light could be thought of as the redirection of light that takes 
place when an electromagnetic wave encounters a material, i.e. as the polarization of 
incident electromagnetic wave of light. As the electromagnetic wave interacts with the 
material, the electron orbits within the constituent molecules are perturbed 
periodically with the same frequency as the electric field of the incident wave. The 
oscillation or perturbation of the electron cloud results in a periodic separation of 
charge within the molecules, which is called an induced dipole moment. The classical 
theory of Raman scattering is based on this induced electric dipoles. The strength of 
the induced dipole moment P is given by ࡼ ൌ ߯ࡱሬሬറ,   (1.1) 
where ߯ is the electronic susceptibility and ࡱሬሬറ is the strength of electric field of 
incident electromagnetic wave. The susceptibility is a second rank tensor that 
modulated by molecular structure, nature of the bonds, and lattice vibration. Note χ଴ 
is the susceptibility when the atoms is at equilibrium position, and ∆χ  is the 
modulation by lattice vibration mode. We consider lattice vibration mode as a plane 
wave with frequency ࣓ࢗ and wave vector ࢗ, thus the total susceptibility may be 
expressed as 
߯ ൌ ߯଴ ൅ ∆߯ ൌ ߯଴ ൅ ∆߯଴ܿ݋ݏ ሺ߱௤ݐ െ ࢗ · ࢘ሻ,     (1.2) 
The electric field of incident electromagnetic wave can be expressed as  
ࡱሬሬറ ൌ ࡱ૙ܿ݋ݏ ሺ߱௜ݐ െ ࢑࢏ · ࢘ሻ ,                   (1.3) 
where ߱௜ is the frequency of incident light, ࢑࢏ is incident wave vector, r is the 
Figure 1.4. Scattering types classified by frequency shifts 
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position vector in the space. 
Thus substituting Eq. (1.2) (1.3) into (1.1) yields the time dependent induced 
dipole moment, 
ࡼ ൌ ߯ࡱሬሬറ ൌ ߯଴ࡱ૙ ܿ݋ݏሺ߱௜ݐ െ ࢑࢏ · ࢘ሻ ൅ ଵଶ ∆߯଴ࡱ૙൛ܿ݋ݏൣ൫߱௜ ൅ ߱௤൯ݐ െ ሺ࢑࢏ ൅ ࢗሻ ·
࢘൅ܿ݋ݏ߱݅െ߱ݍݐെሺ࢑࢏െࢗሻ·࢘ ,   (1.4) 
The above equation (1.4) reveals that induced dipole moments are created at 
three different frequencies, namely ߱௜ , ߱௜ ൅ ߱௤ , and ߱௜ െ ߱௤ , which results in 
scattered radiation at these three frequencies. The first scattered frequency in Eq. (1.4) 
corresponds to the incident frequency, hence is elastic scattering (Rayleigh), while the 
latter two frequencies are shifted to lower or higher frequencies and are therefore 
inelastic processes. The scattered light in these latter two terms is referred to as 
Raman scattering, with the down-shifted frequency referred to Stokes scattering, and 
the up-shifted frequency referred to anti-Stokes scattering. It also shows that the 
Stokes and the anti-Stokes lines have the same energetic distance from the incoming 
laser light. The positions of these Raman lines are located symmetrically around the 
Rayleigh scattered component. Hence a peak with Raman origin in a spectrum can 
always be verified by scanning the anti-Stokes side. Photoluminescence, artifacts 
from the substrate or stray light have no corresponding component in the anti-Stokes 
spectrum. 
In the Raman scattering process a certain amount of energy is gained or lost by 
an incident photon with energy ԰߱௜  (incident) in order to create or annihilate 
phonons. Energy and momentum are conserved and are given by the following 
equations: 
                  ԰߱௦ ൌ ԰߱௜ േ ԰߱௤,    (1.5) 
                   ԰࢑࢙ ൌ ԰࢑࢏ േ ԰ࢗ,       (1.6) 
here the “minus” sign stands for a phonon excitation (stokes process) while the 
“plus” sign implies a phonon annihilation (anti-stokes process). 
Since the momentum of the incident and scattered photons ( |࢑| ൌ ଶగఒ೔ ׽
10ହ ܿ݉ିଵ) are small compared with the first Brillouin zone ( గ௔ ׽ 10଼ ܿ݉ିଵ  ), only 
excitations with ࢗ ؄ 0 (i.e. long wavelength limit) in the center of Brillouin zone 
take part in the Raman process. However, in low dimensional solids, when the 
periodicity is reduced in one or more directions, the momentum conservation is 
relaxed in the reduced dimensions because the wave vector is not a good quantum 
number any more. Instead we should discuss the phonons in those directions as folded 
phonon or confined modes. These modes may be appeared in 2 dimensional 
superlattices [35]. 
 The electric susceptibility is assumed to change locally with the lattice 
displacement Q. χ can be thus expanded as a Taylor series in Q and the new term 
ሺ∂χ/ ∂ۿሻ଴ۿሺܚ, tሻ predicts inelastic Raman scattering. A slightly modified term is 
known as the Raman tensor. Introducing a unit vector in direction of the lattice 
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displacement ۿ෡ ൌ ۿ/|ۿ|, the Raman tensor can be expressed as  
܀ ൌ ሺ∂χ/  ∂ۿሻ଴ۿ෡ሺܚ, tሻ,  (1.7) 
Assuming ܍ܑ and ܍ܛ to be the unit vectors of polarization of the incoming and 
scattered light, respectively, the Raman scattering intensity is proportional to  
I ן  |܍ܑ · ܀ · ܍ܛ|ଶ,  (1.8) 
The Raman tensor is a symmetric second rank tensor if we neglect the difference 
in frequency of the incoming and outgoing light. The Raman tensor has the same 
symmetry as the corresponding phonon [36]. Whether a Raman active phonon can be 
observed under certain experimental conditions regarding the incoming and scattered 
polarization or not is determined by Eq. (1.8). Using these Raman selection rules the 
symmetry of the Raman tensor and hence the symmetry of the underlying phonon can 
be identified by Raman experiments with different scattering geometries. The Raman 
selection rules of GaN will be detailed in chapter 2. 
- Quantum treatment of Raman scattering 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The quantum treatment to Raman scattering involves the excitation of electron. A 
photon is scattered by a phonon and its energy is changed by a discrete value. In 
semiconductors an electron can be excited to an electron-hole pair, to a virtual state or 
to an exciton. In all cases an electron-hole pair is created which can interact with the 
lattice. We can treat the Raman quantum process into three steps (see also in figure 
1.5). 
1. An incoming photon ԰ω୧ creates an electron-hole pair. This state is referred 
to the transition from the ground state |0ۄ to an excited electronic state |eۄ (photon 
Virtual levels 
԰߱௜  
԰ሺ߱௜ െ ߱௤ሻ 
0 
2 
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Figure 1.5. Quantum model of non resonance Raman scattering 
and resonance Raman scattering 
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absorption).  
2. The excited electronic state |eۄ is scattered into another intermediate state 
|eᇱۄ via the electron lattice interaction and phonon ԰߱௤ is created or annihilated. 
3. The electron-hole pair of state |eᇱۄ decays to the electronic ground state |0ۄ 
under photon emission ԰ωୱ.  
The generalized susceptibility may be described using time-dependent 
perturbation theory [31]. The dominant term amounts to: 
χ஑,ஒሺω୧, ωୱሻ ൌ ୣ
మ
୫బమ·ன౩మ·V
∑ ൻ଴ห୮ಉหୣᇲൿൻୣᇲหHEషPหୣൿൻୣห୮ಊห଴ൿ൫E౛ᇲି԰ன౩൯ሺE౛ି԰ன౟ሻୣ,ୣᇲ ,  (1.9) 
where m଴ is the electron mass, V is the scattering volume, p஑, pஒ are the 
Cartesian components of the momentum operators, Eୣ , Eୣᇲ  the energies of the 
excited electron-hole pair states and HEିP  the electron-phonon interaction 
Hamiltonian. It is selected by the unit vectors ܍ܑ, ܍ܛ of the light polarizations. 
In Eq. (1.9) the brackets in the denominator shows that the intensity of Raman 
scattered signal can be strongly enhanced when the energy of the exciting photons 
approaches or coincides with the real electronic transition energy. This effect is called 
Resonance Raman Scattering (RRS) and is due to the coupling of electronic and 
vibration transition. There are definite advantages compared to normal Raman 
scattering. First of all, this resonance enhances not only the intensity of the Raman 
scattering but also reflects basic features from vibration excitations in nanostructures, 
which is very important particularly for nanostructures because of their small 
scattering volume and weak Raman features in non resonance condition. Secondly, 
UV photons can be used to map out the electronic properties of the band, to do 
photochemical studies by means of RRS. However, the problem might be incurred 
that the accompanying fluorescence screens the weaker Raman features because of 
the increased energy absorbed radiation. Thus for a given material with given 
electronic states the choice of laser line energy for the scattering experiment is one of 
the most important parameters. 
- Raman experimental instruments 
Due to its sensitivity, high resolution, and non destructive nature, Raman 
technique is now widely used in many applications across the fields of chemistry, 
biology, materials science etc. The Raman instruments are fully integrated and come 
with built-in system intelligence. A descriptive experimental setup of the Raman 
experiment is shown in Figure 1.6. A laser is used to excite an intense monochromatic 
light source and some mirrors reflect and guide the light. 
The microscope is the heart of the Raman instrument, as it plays the most 
important role of coupling the light source and the spectral analyzer. Meanwhile, 
almost all the modern Raman instruments employ a single, wide aperture objective. 
The laser beam is focused through microscope objectives (x100) down to a 1 µm 
spot on sample and the scattered light is collected through the same objective. Thus it 
is so-called µ-Raman and backscattering configuration. A beam splitter is needed to 
illuminate the sample with the laser beam coaxially, through the objective, and to 
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transmit the backscattered radiation toward the spectral analyzer. This beam splitter 
(notch-filter) with a particular dielectric coating is used to cut off the laser line, 
because the Raman signals are weaker than the elastically reflected laser light 
(Rayleigh). In other word, the laser light is reflected by the beam splitter, but the 
inelastically scattered light passes through and is collected by the spectrometer. To 
separate the collected Raman scattered light into its composite wavelengths, a fixed 
grating and a detector are employed. The grating disperses the light onto the CCD 
detector. The spectral distribution of the light is converted into a spatial distribution 
and can be recorded by the detector. The data analysis is eventually done by a 
computer program Labspec. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
There are two Dilor XY micro Raman Spectrometer in our laboratory clarified 
by the laser wavelength, visible and ultraviolet excitation. The light source for 
excitation of sample is an Ar+ /Kr+ laser cooled by water which can provide 514.5 nm 
and 488 nm exciting lines in visible, 364nm, 351 nm, 335 nm, 300 nm and 275 nm in 
UV. Laser power can be regulated by using filters. These spectrometers allow us to 
take backscattering measurements in which the incident beam can be focused by the 
objective of magnification x40 or x100 with an Olympus microscope. This system 
allows us to investigate coupling effects between lattice vibrations and certain 
electronic excitations of nanostructure, especially study of a single nanowire in this 
work. The resolution of Dilor XY is up to 1 cm-1. 
Jobin-Yvon Xplora MV-2000 is another Raman spectrometer which integrates 
the AFM topography technique. It is equipped with a laser diode which can provide 
532 nm, 638 nm and 785 nm exciting lines. A piezoelectric sample stage moving in 
the x and y directions of µm order allow us to locate the objet studied precisely. The 
polarization of incident and scattered light analysis are accessible to the Raman study. 
With regard to the efficiency of its detection, Jobin-Yvon T64000 allows for the 
measurements of high resolution Raman spectra and gather weak signals in a 
relatively short time due to triple modes spectrometer. The excitation is achieved by a 
coherent Ar+–Kr+ mixed gas ion laser which can provide a great of exciting lines from 
Figure 1.6. Raman instruments setup of Raman experiment. 
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406.7 nm to 799.3 nm. This system can be utilized in a triple additive or in a triple 
subtractive mode. An additive mode gives the highest spectral resolution and high 
linear dispersion in backscattering configuration, whereas a subtractive mode gives a 
high stray light rejection and allows for collecting low-frequency Raman spectra 
down to 5 cm-1 in lateral scattering configuration.  
1.6 Overview  
As shown in the introduction, we will study the structural and vibrational 
properties of III nitride GaN NWs, GaN/AlN superlattice NWs by Raman scattering. 
The structure of this thesis is as follows: chapter 1 describes brief outline of this 
thesis (the interest and objective), the overview of materials studied and the 
experimental techniques and setups applied for material characterization. Classical 
and quantum theory of Raman scattering are introduced in detail. In chapter 2, we 
introduce briefly the fundamental theory for understanding of this thesis. The basic 
structure, optical and vibrational properties of wurtzite GaN are presented. In chapter 
3, we deal with the GaN NWs ensemble with AFM, SEM and Raman techniques. The 
growth and morphologies of NWs samples grown by PA-MBE will be described 
firstly. We investigated the vibrational properties of NWs and detected inelastic 
scattering by surface related phonon in GaN NWs. This significant role of large 
surface-to-volume ratio for the optical properties has been investigated experimentally 
and this study is supported by calculations using an effective dielectric continuum 
model. From GaN NWs ensemble to individual NW, the Raman results of single NW 
are discussed in chapter 4. The observed enhancement of A1(TO) mode and a shoulder 
in high frequency side are detailed analyzed and compared with  DDA-based 
calculations. Structural properties of GaN/AlN superlattice NWs and core-shell 
structure NWs are studied by UV Raman measurement. The detailed analysis will be 
presented in this chapter. In chapter 5, we discuss stress distribution by Raman 
measurement and finite element method (FEM) modeling on crack free thick GaN 
layers which were grown on pattern Si(110) substrate by MOCVD. We study the 
effects of mesa size, GaN thickness and pattern height on the strain distribution. 
Finally, the results of the thesis are concluded in Chapter 6. 
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Chapter 2 Structure and Properties of III nitrides 
2.1 Introduction  
Group III nitrides have several remarkable physical properties that make them 
particularly attractive for Optoelectronic applications. Before the characterization of 
material by Raman scattering, some basic material properties will be introduced firstly 
in this chapter. We will describe the crystal structure and vibrational properties in 
detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
The band gap energies of III nitrides range from 0.7 eV (InN) to 3.42 eV (GaN) 
to 6.2 eV (AlN) (see figure 2.1). In view of the available wide range of direct band 
gaps, GaN alloyed with AlN and InN may cover a continuous range of direct band 
gap energies throughout much of the visible spectrum well into the ultraviolet 
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Figure 2.2 the various binary and ternary materials with the wavelength range indicated. 
InN 
Figure2.1 Band gap of wurtzite InN, GaN, AlN and their alloys versus in plane lattice constant.
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wavelengths (shown in figure 2.2). This makes the nitride material attractive for 
optoelectronic device applications, such as light emitting diodes (LEDs), laser diodes 
(LDs) and detectors which are active in the green, blue or UV wavelengths [1].  
2.2 Crystal Structure of Nitrides 
GaN, AlN and their alloys can crystallize in both wurtzite (ߙ -phase) and 
zincblende (ߚ-phase) structure. Under natural conditions, the thermodynamically 
stable structure is wurtzite for bulk materials. The metastable zincblende structure 
could be formed by epitaxial growth of thin films on cubic substrates such as ߚ-SiC 
or MgO (100) substrates. In zincblende form, GaN and InN have direct band gap 
while AlN is indirect. In this work, samples materials have wurtzite structure. The 
crystalline structures of both ߙ- and ߚ-GaN are depicted in Fig.2.3.  
 
 
 
 
 
 
 
 
 
 
 
 
As in the zincblende structure, the bonding is tetrahedral. The wurtzite structure 
is a hexagonal closed-pack lattice. It contains four atoms per unit cell. The space 
grouping for wurtzite structure is ܥ଺௩ସ  [2] in the Schoenflies notation. It may be 
generated from the zincblende structure by rotating adjacent tetrahedral about their 
common bonding axis by an angle of 60 degrees with respect to each other. The basal 
plane (0001) lattice parameter is depicted by ܽ and the axial lattice parameter, 
perpendicular to the basal plane, is usually described by ܿ. The lattice parameters are 
commonly measured at room temperature by X-ray diffraction (XRD), which happens 
to be the most accurate one, using the Bragg law. However, inhomogeneity, strain, 
partial relaxation of strain and structural defects of epitaxial layers on foreign 
substrates may distort the lattice constants from their intrinsic values. The Table 2.1 
lists the intrinsic lattice constants of hexagonal GaN, AlN, InN. 
In addition, all III nitrides have partially covalent and partially ionic bonds. We 
use the concept of fractional ionic character (FIC) which is useful in interpreting 
many physical phenomena in the crystals [4, 5]. The FIC may be defined for a binary 
compound AB as ܨܫܥ ൌ |ܳ஺כ െ ܳ஻כ |/|ܳ஺כ ൅ ܳ஻כ |, where ܳ஺כ  and ܳ஻כ  are effective 
a  a 
c 
N 
Ga 
Zincblende  Wurtzite
[0001] 
Figure 2.3 Unit cell of the zincblende cubic and wurtzite hexagonal crystal, the yellow sphere 
represents Ga atom and the gray N atom. 
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charges on atoms A and B. The FIC values range from zero for a covalent compound 
(each atom has four electrons) to 1 for an ionic compound (all eight electrons belong 
to the anion). 
 
Materials InN  GaN  AlN  
a (angstrom) 3.538 3.189 3.11 
c (angstrom) 5.703 5.1864 4.98 
 
 
2.3 Vibration properties 
Now we introduce the vibrational properties of nitrides which can be described 
as mechanical properties. Vibrational modes are very sensitive to crystalline defects, 
strain, doping and temperature so that the phonon mode frequencies and bandwidths 
can reflect the important information about the materials. In fact, phonon is a 
collective excitation in an arrangement of atoms or molecules, which describe a 
special type of vibration motion, i.e. lattices oscillate at the same frequency. It can be 
applied in nanostructures to detect for instant crystal quality, doping, defects and 
strains. In this work, we mainly use the Raman spectroscopic technique to 
characterize the phonon effects in GaN nanowires. 
 2.3.1 Crystal symmetry properties 
The GaN is uniaxial crystal. It can crystallize in wurtzite structure which has the 
ܥ଺௩ସ  symmetry and the Brillouin zone (momentum reciprocal space) of the wurtzite 
structure [6] has been shown in figure 2.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
The group theory predicts that there are eight sets of phonon modes at the zone 
Figure 2.4 Brillouin zone of the wurtzite crystal structure. 
Table 2.1 the lattice constants of hexagonal GaN, AlN, InN [3]. 
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center (Γ point), i.e. 2A1, 2B1, 2E1 and 2E2. Among them, one set of A1 and E1 modes 
is acoustic where all the atoms move in the same direction in the unit cell. The 
remaining six modes A1(Z) + 2B1 + E1(X,Y) + 2E2 are optical modes, where the 
X||ሾ100ሿ, Y||ሾ010ሿ, Z||ሾ001ሿ in the parentheses represent the polarization directions. 
These optical modes in the wurtzite GaN unit cell are depicted in Figure 2.5 
based on London’s model [7]. The atomic displacement of A1 and B1 modes is along 
the ܿ-axis, while that of E1 and E2 is perpendicular to the ܿ-axis, meaning on the basal 
plane. The A1 and E1 modes are polar vibrations which mean that a net electric dipole 
can be set up in each unit cell. This is easily seen from the figure 2.5 because there is 
a net separation of charge for the A1 and E1 modes but not for the other modes. These 
two polar modes are thus not only Raman active but also IR active because the 
induced dipole for these modes can couple directly with the incident light. The E2 and 
B1 modes are non-polar. The E2 mode is only Raman active. B1 mode is neither 
Raman nor IR active (silent modes).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.2 Phonon dispersion and energy band 
The first-order phonon Raman scattering is caused by phonons with wave vector 
ࢗ ؄ 0 because of the momentum conservation in the Raman scattering process. The 
total number of normal vibration modes for a unit cell with ݏ atoms is 3ݏ [8]. In the 
Bଵଵ  Bଵଶ 
EଶL  EଶH 
Aଵ 
Eଵ 
Figure 2.5 Relative atomic displacements in wurtzite GaN unit cell corresponding to the 
optical modes. 
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long-wavelength limit (ࢗ ؄ 0) there are 3 acoustic modes and 3ݏ-3 optical modes, 
where the acoustic modes are simple translational modes. In the wurtzite GaN, 
ݏ ൌ  4 and hence there are 9 optical modes. Considering propagation along the 
ܿ-axis in figure 2.5, there is one A1(LA) and two E1(TA) acoustic modes (polarized in 
the x and y directions). As to the optical modes, there are one A1(LO), two E1(TO), 
one B1(low), one B1(high), two E2(low) and two E2(high) modes, giving 9 optical 
mode in total. 
The phonon dispersion curve for wurtzite GaN is shown in figure 2.6 from 
calculation in [9]. The wave vectors in figure 2.6 correspond to the points in 
reciprocal space in figure 2.4. Since the momentum of the incident and scattered 
photons ( |࢑| ൌ 2ߨ/ߣ௜ ׽ 10ହ ܿ݉ିଵ) are very small compared with the first Brillouin 
zone ( ߨ/ܽ ׽ 10଼ ܿ݉ିଵ  ), only phonons with ࢗ ؄ 0  can be excited in the 
first-order Raman process. In the phonon dispersion curves, the phonons with energy 
at Γ point approaching zero are the acoustic modes. They represent a uniform 
translation of the entire crystal and it leads to Brillouin scattering with very small 
frequency shift (< 5 cm-1). They are not investigated in this work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The optical phonons at Γ point have been labeled in figure 2.6 and frequency 
shift of Raman active modes at room temperature are listed in Table 2.1. Phonon 
dispersion curves are measured by inelastic thermal neutron scattering. Second-order 
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Figure 2.6 calculated phonon dispersion curves and phonon density of states for wurtzite GaN
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and disorder induced Raman scattering can give information on the dispersion curves 
through measurement of the density of phonon states (i.e. the number of phonon states 
per energy interval).  
 
 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the longitudinal optical (LO) modes, the direction of phonon propagation is 
along the direction of the atomic displacement which gives a macroscopic electric 
field associated with the oscillation. The transverse optical (TO) mode means that the 
direction of phonon propagation is perpendicular to the direction of the atomic 
displacement. We determine the direction of phonon propagation by the angle of 
incident and scattered light. From the conservation of wave vector ࢗ ൌ ࢑࢏ െ ࢑࢙, 
where ࢑࢏  and ࢑࢏  describe the wave vector of incident and scattered light, the 
phonon propagation direction could be determined. If the phonon direction is not 
exactly parallel or perpendicular to the optical axis (ܿ-axis or ݖ-axis), it will give rise 
to a continuous variation of the phonon frequency between that of the pure A1 and 
pure E1 mode. This is the angular dispersion of the frequency in the polar 
semiconductor and the mixing of A1 and E1 modes can be expressed by [7, 11, 12, 13]  
߱ொ்ைଶ ሺߠሻ ൌ ߱ாభሺ்ைሻଶ ܿ݋ݏଶሺߠሻ ൅ ߱஺భሺ்ைሻଶ ݏ݅݊ଶሺߠሻ, (2.1) 
߱ொ௅ைଶ ሺߠሻ ൌ ߱஺భሺ௅ைሻଶ ܿ݋ݏଶሺߠሻ ൅ ߱ாభሺ௅ைሻଶ ݏ݅݊ଶሺߠሻ, (2.2) 
where ߠ is the angle with respect to the ܿ-axis. The calculated angular variation of 
the optical phonon frequencies of GaN is shown in figure 2.7. We find that the 
 E2(low) A1(TO) E1(TO) E2 A1(LO) E1(LO) 
GaN 114 531.8 558.8 567.6 734 741 
AlN 248.6 611 670.8 657.4 890 912 
A1(TO) 
E1(TO)
E2 
E1(LO) A1(LO)
LO-TO 
splitting 
A1-E1 
splitting 
A1-E1 
splitting 
R
am
an
 S
hi
ft 
(c
m
-1
) 
ࣂ (Deg) 
Table 2.1 Zone center Raman active phonon frequencies (in cm-1) for bulk GaN and 
AlN [10] at room temperature. 
Figure 2.7 Angular dependence of optical modes of GaN. 
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quasi-LO and quasi-TO modes exhibit an evident angular dependence and the LO-TO 
splitting (175െ210 cm-1) is much larger than the A1െE1 splitting (7െ26 cm-1) [7]. It 
is due to that the long range electrostatic force dominates over the crystalline 
anisotropy associated with the macroscopic electric field induced by polar modes.  
The electronic band structure near the centre of the Brillouin zone of wurtzite 
GaN is shown in figure 2.8 with the direct band gap feature. Crystal field and spin 
orbit coupling effects split the energy levels of the valence band at the Γ point 
(࢑ ൌ 0) [14, 15]. The three valence bands A, B, and C are labeled as HH (heavy), LH 
(light) and CH (crystal field split off) respectively [15] based on the momentum 
behavior in the basal plane (݇ ٣ ݖ). The curvature of the valence band determines the 
hole effective masses. The effective masses of holes with momenta parallel to the 
ܿ-axis at the Γ point are 2.03݉଴, 1.25݉଴, and 0.15݉଴ for holes in the A, B and C 
bands respectively, where ݉଴ is the free electron mass. For momenta perpendicular 
to the ܿ-axis the corresponding values are 0.33݉଴, 0.34݉଴ and 1.22݉଴ [14]. The 
electron effective masses are 0.17݉଴  and 0.19݉଴  for momenta parallel and 
perpendicular to the ܿ-axis, respectively [14]. The valence and conduction band 
structure around the Γ point for AlN is similar to that for GaN but the band gap 
energy is larger at 6.2 eV. The band gap energy for the AlxGa1-xN is given by [16] 
ܧ௚ሺݔሻ ൌ 3.42 ൅ 1.18ݔ ൅ 1.56ݔଶ, (2.3) 
taking values intermediate between that of GaN and AlN. 
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Figure 2.8 wurtzite GaN electronic band structure around the centre of the Brillouin 
zone (Γ point). Adapted from [14]. 
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2.3.3 Raman tensors and selection rules 
The Porto notation is often used to describe the experimental Raman scattering 
geometry configuration and polarization. When performed along the direction parallel 
to the c-axis, this configuration is depicted as ࢆሺ_ , _ሻࢆഥ. The notation takes the form 
of ࢑࢏ሺࢋ࢏, ࢋ࢙ሻ࢑࢙ , where ࢑࢏  and ࢑࢙  represent the wave vector direction of the 
incoming and scattered light, respectively, whereas ࢋ࢏ and ࢋ࢙ represent the unit 
vectors of the incoming and scattered light [17]. Usually ࢑࢏ and ࢑࢙ are set up along 
the crystal coordinates. For example the scattering geometry ܺሺܻ , ܼሻ തܺ  means 
incident light polarized in the Y-direction propagating in the positive X-direction and 
scattered light polarized in the Z-direction propagating in negative X-direction. For 
the wurtzite structure the ܿ-axis is usually labeled Z axe. The X and Y axes are two 
arbitrary perpendicular axes in the ܽ-plane (normal to the ܿ-axis). The Raman 
scattering intensities for each mode can be calculated by the second rank Raman 
tensors, ܫ ן |ࢋ࢏ · ࡾ ڄ ࢋ࢙|ଶ . The nonzero components of the Raman tensor 
(polarizability tensor), associated with each optical phonon symmetry are indicated in 
parentheses as below.  
ܴ஺భሺ௓ሻ ൌ ൥
ܽ 0 0
0 ܽ 0
0 0 ܾ
൩, ܴாభሺ௑ሻ ൌ ൥
0 0 ܿ
0 0 0
ܿ 0 0
൩, ܴாభሺ௒ሻ ൌ ൥
0 0 0
0 0 ܿ
0 ܿ 0
൩, 
ܴாమ ൌ ൥
݀ 0 0
0 െ݀ 0
0 0 0
൩,  ܴாమ ൌ ൥
0 ݀ 0
݀ 0 0
0 0 0
൩, (2.4) 
The labels in parentheses for A1 and E1 modes indicated the direction of the 
induced electric dipole (i.e. phonons). The E2 phonons (being in a two dimensional 
representation like the E1 phonons) have two Raman tensors but since there is no 
induced dipole and hence no dependence on the frequency with respect to propagation 
direction (at ࢑ ൌ ૙) there are usually no labels given. 
We take an example of the use of Raman tensors to determine the scattering by a 
phonon for a given scattering geometry. Considering the E2 phonons and the 
scattering geometry ࢆሺࢋ࢏, ࢋ࢙ሻࢆഥ , where ࢋ࢏ ൌ ሺܿ݋ݏߠ, ݏ݅݊ߠ, 0ሻ  and 
ࢋ࢙ ൌ ሺെݏ݅݊ߠ, ܿ݋ݏߠ, 0ሻ, the intensity of the scattering by E2 phonon is given by 
ܫ ן อሾܿ݋ݏߠ ݏ݅݊ߠ 0ሿ · ൥
݀ 0 0
0 െ݀ 0
0 0 0
൩ · ൥
െݏ݅݊ߠ
ܿ݋ݏߠ
0
൩อ
ଶ
൅ อሾܿ݋ݏߠ ݏ݅݊ߠ 0ሿ · ൥
0 ݀ 0
݀ 0 0
0 0 0
൩ · ൥
െݏ݅݊ߠ
ܿ݋ݏߠ
0
൩อ
ଶ
 
ן ݀ଶ, (2.5) 
where we have to sum the two contributions from the two E2 tensors since 
scattering from either of them is not distinguishable. The result shows that scattering 
from either of the E2 phonons (E2(high) or E2(low)) is observed in this scattering 
geometry and the intensity is independent of the orientation of the crystal with respect 
to rotation around the ܿ-axis as is expected from the arbitrary choice of the X- and Y- 
axes. Similar calculation shows that scattering from A1 phonons is forbidden in this 
crossed geometry but is allowed with parallel polarization (i. e. 
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ࢋ࢏ ൌ ࢋ࢙ ൌ ሺܿ݋ݏߠ, ݏ݅݊ߠ, 0ሻ). In parallel polarization, it is scattering from the A1(LO) 
phonon since from conservation of momentum the propagation direction of the 
phonon in this geometry must be along the ܿ-axis. Considering the scattering from 
the E1 phonon we have: 
ܫ ן อሾܿ݋ݏߠ ݏ݅݊ߠ 0ሿ · ൥
0 0 ܿ
0 0 0
ܿ 0 0
൩ · ൥
െݏ݅݊ߠ
ܿ݋ݏߠ
0
൩อ
ଶ
൅ อሾܿ݋ݏߠ ݏ݅݊ߠ 0ሿ · ൥
0 0 0
0 0 ܿ
0 ܿ 0
൩ · ൥
െݏ݅݊ߠ
ܿ݋ݏߠ
0
൩อ
ଶ
  
ן |0|ଶ ൅ |0|ଶ ൌ 0, (2.6) 
 
and hence scattering from E1 phonons (of any type) is forbidden in this geometry. The 
details of the mode Raman relationship are listed in Table 2.2. This is so called the 
Raman selection rules for wurtzite GaN.  
 
 
 
 
 
 
 
 
 
 
The Raman tensors in expression (2.4) can be applied in the visible Raman 
scattering. However, in respect to the scattering associated with the electron-phonon 
interaction, there are another 9 Raman tensors. The susceptibility modulations 
induced by the non-polar phonons originated from a modulation of the electronic 
periodic potential by the atomic displacements (so called deformation potential 
interaction) called the ࢛-mechanism [18]. For the polar phonons, an additional 
contribution from the associated electric fields is possible and is called the electro-opti 
or ࡱ-mechanism (the Fröhlich interaction). The ࢛-mechanism and the inter-band 
Fröhlich interaction for the polar phonons is usually the dominant effect except near a 
resonance in the electronic energies (see section3.5 in [18]). When the intra-band 
Fröhlich interaction (resonant condition) is considered for the polar phonons a set of 
Raman tensors (2.7) can be defined that give the contribution from this interaction. 
Therefore, when taking the ultraviolet (UV) Raman measurement, the “forbidden” 
scattering associated with the ࢗ-dependent intra-band Fröhlich interaction becomes 
dominant in resonant conditions. These “forbidden” scattering tensors are given as 
below for wave vectors parallel to the X- , Y- and Z-axes respectively. 
ܴ஺భሺ௓ሻ ൌ ൥
0 0 ݁ᇱ
0 0 0
݁ᇱ 0 0
൩, ܴாభሺ௑ሻ ൌ ൥
ܽᇱ 0 0
0 ܽᇱ 0
0 0 ܾᇱ
൩, ܴாభሺ௒ሻ ൌ ൥
0 ݀ᇱ 0
݀ᇱ 0 0
0 0 0
൩,  //X-axes 
Configuration Modes 
ܼሺܺ , ܺሻ ҧܼ A1(LO), E2 
ܼሺܺ , ܻሻ ҧܼ E2 
ܺሺܼ , ܼሻ തܺ A1(TO) 
ܺሺܻ , ܼሻ തܺ E1(TO) 
ܺሺܻ , ܻሻ തܺ A1(TO), E2 
ܺሺܻ , ܼሻܻ E1(TO), E1(LO) 
ܺሺܻ , ܻሻܼ E2, Q(TO), Q(LO) 
ܺሺܼ , ܺሻܼ Q(TO), Q(LO) 
Table 2.2 Selection rules for “allowed” Raman scattering by ࢗ ൌ 0 phonons in the wurtzite 
structure. 
  Centre d’Elaboration des Matériaux et d’Etudes Structurales   
40 
 
ܴ஺భሺ௓ሻ ൌ ൥
0 0 0
0 0 ܿᇱ
0 ܿᇱ 0
൩, ܴாభሺ௑ሻ ൌ ൥
0 ݀ᇱ 0
݀ᇱ 0 0
0 0 0
൩, ܴாభሺ௒ሻ ൌ ൥
ܽᇱ 0 0
0 ܽᇱ 0
0 0 ܾᇱ
൩,  //Y-axes 
ܴ஺భሺ௓ሻ ൌ ൥
݄ᇱ 0 0
0 ݄ᇱ 0
0 0 ݅ᇱ
൩ , ܴாభሺ௑ሻ ൌ ൥
0 0 ݂ᇱ
0 0 0
݂ᇱ 0 0
൩ , ܴாభሺ௒ሻ ൌ ൥
0 0 0
0 0 ݃ᇱ
0 ݃ᇱ 0
൩ ,  //Z-axes 
(2.7). 
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The experimental spectra from bulk GaN measured in different polarization 
geometries using 488nm excitation have been shown in figure 2.9. The most intense 
Raman scattered signals in each spectrum correspond to the “allowed” scattering 
signals listed in table 2.2. However, further scattering signals from the A1(TO) and 
E2(high) phonons in the spectrum are also seen evidently for the XሺZ , YሻXഥ scattering 
geometry. The most likely explanation for this is that the laser light at the sample was 
not polarized purely in the ࢆ-direction giving a ܺሺܻ , ܻሻ തܺ scattering contribution. In 
addition, the micro-Raman scattering measurements used to obtain the spectra involve 
the incident light converging at and the scattered light diverging from a point of focus 
rather than propagating in a truly parallel sense. This means that the scattering 
geometries are not strictly well defined for micro-Raman spectroscopy. Observation 
of Raman scattering from the E1(LO) phonon is only “allowed” in this scattering 
geometry (see table 2.2) and has the higher intensity than the “forbidden” modes. The 
measurements performed in this study were always restricted to a backscattering 
geometry by the design of the equipment but as the measurement for GaN NWs, the 
E1(LO) phonon signal is still observed. An explanation for this is that the observed 
signal is a quasi-LO mode (close to the true E1(LO) mode). Reflections and 
refractions occurring inside the NWs or the fact that the scattering geometries from 
the micro-Raman measurements are not exactly defined allow observation of this 
signal. Contribution from “forbidden” Raman tensors (higher order terms and 
resonant effects) may also provide an explanation. Figure 2.9 clearly shows that there 
is a variation in the line-widths of the Raman peaks. The analysis of Raman scattering 
by phonons has been considered as the normal mode vibrations which are assumed to 
have infinite lifetimes. Actually, phonons decay i.e. the vibrations are damped. The 
Raman line-width (energy uncertainty) is then related to the phonon lifetime via an 
energy-time uncertainty relation given by [19] ݐ ൌ ԰/∆ܧ, where ݐ is the phonon 
lifetime, ∆ܧ is the phonon line-width in units of cm-1. The Raman line-width of E2 
mode is usually used to assess crystalline quality. The peaks broadening can be 
attributed to the crystalline disorder. 
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Chapter 3 Raman studies of GaN nanowires ensemble 
Nitride NWs attract a considerable interest due to their new applications such as 
nano-lasers, sensors or light emitting diodes. A great progress to reduce defects and 
improve the orientation has been made in growth and synthesis of Nitride free 
standing NWs. There is also intense development of GaN NWs based devices [1-5]. 
The aim of this work is to study vibrational properties in GaN NWs. We begin with 
pure GaN NWs (i.e. non functionalized structure) rather than functionalized structures 
NWs (e.g. superlattices, core-shell structures) due to lots of fundamental physical 
phenomena uncompletely understood so far in those 1D nano-objects. 
This chapter concerns Raman scattering from GaN NWs ensemble. Firstly we 
briefly introduce the growth of NWs samples. The NWs morphologies have been 
analyzed by SEM and AFM. Afterwards, the vibrational properties were characterized 
by visible and ultraviolet (UV) Raman scattering spectroscopy. In addition to the 
breakdown of Raman selection rules, we also observed two unusual peaks located 
near 700 cm-1 which has been attributed to the Raman scattering by surface related 
phonons. The analysis of the surface character of these two modes on a series of 
experimental parameters and on the dielectric constant of the exterior medium is 
presented in detail. For the interpretation, someone has used Gaussian phonon 
confinement model proposed by Richter et al. [6-7], taking into account the 
wavevector (ࢗ) and dimension (ࡸ and ࢘) of NWs. In my work, a macroscopic model 
based on an effective dielectric function is used to explain the experimental 
observations, such as the shift in the SO band frequency with (1) the value of the 
dielectric constant of the surrounding medium, and (2) the relative concentration of 
GaN NWs and the surrounding medium (filling factor). The large surface to volume 
ratio enables us to give a detailed analysis of the surface related phonon modes 
sustained by these peculiar objects. These measurements of surface optical phonon 
scattering can be also used as an efficient probe to analyze very sensitively the NWs 
surrounding medium. 
3.1 GaN NWs Sample growth and experimental preparation 
- Growth of GaN NWs  
In this thesis, all the NWs samples were self-induced grown on Si(111) substrate 
by plasma assisted molecular beam epitaxy (PA-MBE) without catalyst [8] by 
Rudeesun Songmuang and Bruno Daudin at CEA, Grenoble. The NWs nucleate from 
small GaN islands spontaneously formed on the substrate by Stranski-Krastanov or 
Volmer-Weber growth. As the “vertical” growth along [0001] is much faster than the 
“lateral” growth perpendicular to [0001], these islands indeed turn into elongated, 
NW-like structures. GaN NWs form spontaneously and do not require the use of 
metallic seed particles. Excellent crystal quality can be achieved by deposition of a 
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thin AlN buffer layer which can improve the NWs orientation along the c-axis before 
the growth of NWs. For GaN NWs growth, Ga adatoms are adsorbed on the substrate, 
where they either diffuse or desorb. The desorption rate strongly depends on the 
substrate temperature. If this rate is lower than the adsorption rate, the Ga adatoms 
will eventually form clusters on the substrate, at which N atoms will bond. Our NWs 
samples were grown under highly N-rich atmosphere growth condition and high 
substrate temperature of about 850°C. Once nuclei above the critical size have formed, 
the resulting GaN islands undergo several shape transitions from flat islands via 
pyramids and truncated pyramids, until a finally NWs vertical growth [9,10]. In order 
to improve the growth direction normal to the substrate, the sample stage was rotated 
during the growth process.  
- NWs morphology 
Scanning electron microscopy (SEM) images of NWs samples are shown in 
figure 3.1. All samples investigated here are also characterized by atomic force 
microscopy (AFM) and have a high NW density of about 1010 cm-2. This density 
strongly depends on the growth temperature. With increasing temperature, Ga 
diffusion process is promoted, and the NWs density is thus increased [8]. In addition,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Tilted view of undoped GaN NWs ensemble. 
Inset: AFM topview (3m x3m) 
(b) Side view of undoped GaN NWs ensemble
Figure 3.1 SEM images of undoped GaN NWs ensembles  
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the nucleation time strongly varies from nucleus to nucleus, resulting in a large length 
spread of the NWs. As shown in figure 3.1, since the nucleation is a statistical process, 
the distance between adjacent NWs varies. The NWs orientation is almost along the 
c-axis with a slight tilt of a few degrees. It seems that the threading dislocations 
formed at the NWs/substrate are responsible for the bending of the NWs. The 
diameters in the upper part of NWs are ranging from 50 to 90 nm in average. The 
average NWs length is about 3 µm which is primarily governed by the growth rate 
and growth time (15െ20 hours). At the bottom part of NWs close to the NW/substrate 
interface, we can see larger diameters due to the coalescence of neighboring NWs in 
the sample. However, there is no evident coalescence found in Si-doped NWs. The 
silicon as the unintentional doping acts as an anti-surfactant in GaN growth which 
reduces the adatoms mobility. The diameter and density of Si-doped as-grown GaN 
NWs (not shown here) is slightly less than that of undoped GaN NWs and thus results 
in well isolated NWs (non coalescence). The undoped NWs density (filling factor) 
can be estimated by top view AFM images such as the on presented in the inset of 
figure 3.1(a). The scanned area is 3m x 3m and the AFM is working in intermittent 
contact mode (tapping mode) to minimize tip sample mechanical interaction. Due to 
the high roughness of sample, the AFM image results from a strong convolution 
between the AFM tip profile and the real sample surface. The nominal NWs density 
and average diameter allow us to estimate the average filling factor which is found to 
be ݂ ൌ 0.38. This is in excellent agreement with the analysis by AFM imaging. Even 
if this value seems quasi-uniform all over the sample, some small variations can be 
found in a few locations. This point will be confirmed by the theoretical analysis in 
section 3.3. 
-Raman scattering set up 
Studies of vibrational properties of GaN NWs were mainly performed by Raman 
spectroscopy. Unlike other characterization techniques using electrons as the 
excitation source, the vacuum condition is not strictly required. Raman scattering 
measurements on these NWs ensemble investigated did not require any special 
treatment. The samples are just handled with the use of tweezers at room temperature, 
in ambient atmosphere and a positioned stage under microscope. However, we have to 
carefully take into account the optical excitation parameters: wavelength, exposure 
time, laser power, etc. For the observation of weak Raman signal, exposure time may 
be up to 1 hour to acquire the Raman spectrum with a good signal-to-noise ratio. On 
the contrary, strong Raman scattering brings out a good spectrum measured only in a 
few seconds. Meanwhile, we have to avoid the effects of heating on the sample 
caused by laser irradiation since they could possibly produce red shifts and 
broadening of the Raman peaks. The laser beam power at the sample surface was 
modulated by filters from the lowest ൈ 10ିସ to ൈ 1 of laser output power at 50mW. 
When we observe the blue-shift of E2 modes in reference bulk GaN as increasing laser 
power to a certain value, we take the former lower power as the typical laser power 
for our Raman experiments. To obtain a good Raman spectrum, we select a suitable 
excitation wavelength to obtain high sensitivity of Raman scattering, optimize the 
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exposure time and reduce the laser power as low as possible to rule out any heating 
effects. The laser beam is focused on the sample by microscope objectives (x100) 
down to a ~1 µm spot on sample and the scattered light is collected through the same 
objective. The Raman scattered signal is always collected in two times and processed 
in 2 cycles mode by software due to the ambient noise induced by the cosmic ray.  
3.2 Visible Raman scattering in GaN NWs 
The GaN NWs were characterized by visible and ultraviolet (UV) Raman 
scattering spectroscopy. Room temperature visible Raman measurements are 
performed using either 488 nm (Ar+) excitation with the Dilor XY Raman 
spectrometer or 532 nm Laser diode excitation with the Xplora MV2000 commercial 
Raman spectrometer, using various geometries in backscattering configuration. GaN 
is transparent at these excitation wavelengths and thus does not absorb the photons. 
The spectral features arise from the GaN and the silicon substrate. The signals 
observed are very strong in visible excitation to characterize the vibration properties 
due to high scattering efficiency. However, we still take the Raman measurements 
supplementarily under ultraviolet excitation as discussed in section 3.3.  
From the point of view of NWs morphology in our samples, it seems to be 
homogeneous everywhere on the surface. However, we have further examined and 
verified this point by Raman measurements. The Raman measurements on the surface 
have been taken in backscattering polarized configurations ܼሺܺ, ܺሻ ҧܼ and ܼሺܺ, ܻሻ ҧܼ 
using 488nm excitation.  
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Figure 3.1 Raman spectra of undoped GaN NWs recorded at different locations using 488nm 
excitation, compared to a bulk GaN used as a reference. 
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Figure 3.1 and figure 3.2 show respectively Raman spectra of undoped and 
Si-doped GaN NWs recorded at different locations in ܼሺܺ, ܺሻ ҧܼ configuration. All 
spectra are dominated by the optical phonon peaks from Si substrate at 520.5 cm-1. As 
expected from the selection rules listed in Table 2.2, the optical E2 and A1(LO) 
phonons are allowed in ܼሺܺ, ܺሻ ҧܼ configuration. We take an amorphous silicon for 
calibration of Raman system and a single crystalline bulk GaN of good quality as a 
reference.  
On the one hand, the frequency and Full Width at Half Maxumum (FWHM) of 
the non polar E2 phonon have been determined by a fit with a lorenzian function. The 
fit gives respectively 567.3 cm-1 and 3.3 cm-1 for undoped GaN NWs and 567.4 cm-1 
and 4.3 cm-1 for Si-doped NWs. The position of E2 phonon obtained from single 
crystalline bulk GaN is determined to 567.5 cm-1. This clearly shows that the position 
of the E2 peak does not depend on the doping concentration of the samples. Thus, 
within the spectral resolution error of 1 cm-1, E2 phonons frequencies are in agreement 
with that of strain free GaN. The efficient elastic strain relaxations by the NWs 
structure and homogeneity during the NWs growth are thus confirmed.  
On the other hand, for polar optical phonon, we have observed LO phonon at 740 
cm-1 in the undoped NWs (in Figure 3.1), whose frequency is closer to that of E1(LO) 
than to that of A1(LO). Considering there is no phonon-plasmon coupled mode in 
these undoped NWs, this result can be explained by the angular dispersion in the NWs 
depicted in section 2.3.2. It is related to a quasi-mode which is due to symmetry 
violation of crystal orientation. If the light penetrates into the NWs through their top 
facets of ܿ-plane, the A1(LO) should appear in the ܼሺܺ, ܺሻ ҧܼ polarization like in the 
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Figure 3.2 Raman spectra of Si-doped GaN NWs recorded using 488nm excitation, compared 
to a GaN bulk used as a reference.
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bulk GaN (734 cm-1). Actually, most of the incident light enters and leaves the NWs 
from sidewalls [11]. The other configurations (i.e. ܺሺ_, _ሻ തܺ and ܺሺ_, _ሻ തܻ) can be 
obtained due to the multiple refractions and reflections of light in the slightly tilted 
NWs. This has been also clearly confirmed by observation of the A1(TO) and E1(TO) 
phonons in the Raman spectra. The weak feature of A1(TO) and E1(TO) phonons 
caused by possible crystal lattice disorder has been ruled out by the high intensity and 
narrow FWHM of E2 mode. As a consequence, it is highly probable that the mixing of 
polar modes (A1 and E1) occurs and a large angle between the phonon propagation 
direction and the ܿ-axis is indeed the main reason that accounts for the frequency of 
this quasi-mode QLO. According to angular dependence of QLO mode in figure 2.7, 
the propagation direction of phonon detected relative to NWs ܿ-axis is about 64°. 
Furthermore, in addition to the E2 mode in the Si-doped NWs, we have not 
observed the A1(LO) phonon due to largely broadening and weak intensity of LO 
modes as the carrier concentration increased. It can be interpreted by the coupling of 
phonons and plasmons [12]. In a doped semiconductor the free carriers can be 
considered to behave like a gas of charges (or plasma). In Si-doped GaN NWs this 
plasma consists of electrons and oscillations (fluctuations) of the charge density are 
called plasmons. The plasmons produce a longitudinal electric field. By this electric 
field, it can couple to the LO phonons which also have an associated longitudinal 
electric field. This interaction through electric fields produces two coupled LO 
phonon-plasmon modes, high frequency branch ܮ ൅ and low frequency branch ܮ െ. 
The character of these modes highly depends on plasmon frequency ߱௣. When ߱௣ is 
lower than the uncoupled LO phonon frequency, the ܮ െ mode behaves like a 
plasmon, whereas the ܮ ൅ mode is phonon-like. The frequency of the ܮ ൅ mode 
increases with carrier concentration and the ܮ ൅ mode changes from phonon-like to 
plasmon-like at high carrier concentration. The plasmon frequency ߱௣  can be 
expressed by [13] 
߱௣ ൌ ඨ4ߨ݊݁
ଶ
ߝஶ݉כ  
where ߝஶ is high frequency dielectric constant, ݊ is free carrier concentration 
and ݉כ  is the effective mass of electrons in the semiconductor. The dielectric 
function ߝሺ߱ሻ contributed from phonons and plasmons is given by [13] 
ߝሺ߱ሻ ൌ ߝஶ ቈ1 ൅ ߱௅ை
ଶ െ ்߱ைଶ
்߱ைଶ െ ߱ଶ െ
߱௣ଶ
߱ଶ቉ 
where the phonon damping constant Γ and plasmon damping constant γ have 
been neglected. As there are no excess charges in the medium, the electric 
displacement ࡰ satisfies the Gauss equation સ · ࡰ ൌ 0 (i.e. ߝሺ߱ሻሺ࢑ · ࡱሻ ൌ 0). The 
transverse modes are given by ሺ࢑ · ࡱሻ ൌ 0 whereas the longitudinal modes are given 
by  ߝሺ߱ሻ ൌ 0  [14]. Using the values ்߱ை ൌ 533 ܿ݉ିଵ , ߱௅ை ൌ 734 ܿ݉ିଵ , 
ߝஶ ൌ 5.35 , and  ݉כ ൌ 0.2݉଴  ( ݉଴  is the mass of electron), we can get the 
frequencies of ܮ ൅ and ܮ െ coupled modes as a function of carrier concentration ݊, 
as shown in figure 3.3 (adapted from [15]). 
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The observation of LO phonon-plasmon coupled modes depends on the intensity 
and width of Raman line shape. At low carrier concentrations (<10ଵ଻ ܿ݉ିଷ) the 
observed Raman spectra will be nearly identical to the spectrum from undoped 
material with only LO and TO modes. As the carrier concentration increases, the LO 
phonons couple to the plasma oscillations giving an ܮ ൅ mode. The frequency 
increases with carrier concentration and the intensity of ܮ ൅ mode becomes weaker 
and broader than that of undoped LO phonon mode. In addition, ܮ െ mode appears 
and approaches the TO mode as the carrier concentration increases. When the effects 
of damping are included in the dielectric function, the plasmon-phonon coupling is 
modified. The significant damping of ܮ ൅ mode screens the observation of QLO 
mode. Observation of the ܮ ൅ and ܮ െ modes by Raman scattering can be used to 
determine the free-carrier concentration and this technique has been reported for 
mapping the free-carrier concentration across a GaN wafer [16]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
3.2.1 Surface optical phonon scattering  
As shown in the spectra of undoped GaN NWs in figure 3.1, we have observed a 
band of two peaks near 700 ܿ݉ିଵ located at low frequency side of LO phonon.  
The related intensity of these two peaks changed at different locations. The atomic 
oscillation near the NWs surface is suggested to be responsible for the appearance of 
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Figure 3.3 Phonon-plasmon coupled mode frequency versus carrier concentration (from [15]). 
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these modes. The large surface boundary or roughness restraints the propagation of 
lattice vibration to the NWs surface and leads to their frequencies between that of the 
transverse optical (TO) and longitudinal optical (LO) phonons [17]. They are assigned 
to surface optical (SO) modes and can be interpreted in terms of Fröhlich type modes 
[12, 18]. Analogous Fröhlich type surface related modes in the free surface have been 
reported in different nanostructures of III-V semiconductors [19-22]. However, they 
cannot be observed in bulk material because of the constraints in momentum 
conservation. In porous GaP, for instance, the Fröhlich mode was observed in sample 
anodized with the current densities of 5 and 15 mA/cm2 and found to depend upon the 
degree of porosity [23]. Under hydrostatic pressure, an increase in the frequency gap 
between the Fröhlich mode and LO phonon was observed and attributed to pressure 
induced changes in the anharmonicity of the Fröhlich vibrations [22]. The dependence 
of these surface related modes on the temperature was also reported by V. V. Ursaki 
and a longitudinal-transverse splitting of surface related vibrations was evidently 
observed at low temperatures [24, 25]. Contrary to nanoprous materials, surface 
related modes were observed in NWs based structures. D. Spirkoska has reported size 
and environment dependence of SO modes in GaAs NWs [26]. He found that the 
surface phonon frequency shifts to lower wavenumber when the diameter of NWs is 
decreased or the environment dielectric constant increased. In ZnO nanoparticles of 
different diameters, the strong sensitivity to the environment allows one to detect 
locations of organic ligands [27]. As to GaN Nanostructures, I. M. Tiginyanu has 
observed a weak phonon peak at 716 ܿ݉ିଵ in GaN nanopillar of ~50 nm and 
assigned this mode to Fröhlich mode by Raman line shape analysis based on the 
effective dielectric function [18]. An SO mode at ~680 ܿ݉ିଵ was reported for the 
InGaN/GaN multi quantum well nanopillar arrays [28].  
As a matter of fact, there are nevertheless few systematic experimental studies of 
SO modes in GaN NWs. Only one paper studied experimentally the dependence of 
SO modes upon morphology of NWs (density and diameter) [29]. The role played by 
the NWs concentration and the dielectric constant of surrounding materials has never 
been studied by Raman measurements. In this section, we mainly investigated the 
properties of surface related modes and dependence of SO phonon on these 
parameters. The influence of light polarization and of the numerical aperture of the 
focusing objective was investigated as well. Finally, we give a theoretical 
interpretation to these SO modes in the frame of a dielectric continuum model taking 
into account the dipolar interaction between NWs. 
a. Visible Raman measurements in air  
As reported in A. G. Milekhin’s work [30], Surface Enhanced Raman Scattering 
(SERS) can be used to investigate the surface-related vibrational modes. NWs SO 
modes have been observed after modification of NWs surface. However, the intensity 
of Raman peaks at 690 cm-1 and 710 cm-1 has been found to increase by three orders 
of magnitude with the thickness of the Ag coating increasing from 2 nm to 10 nm. It is 
clear that the behavior of these two modes is strongly enhanced by the resonant 
excitation of surface plasmons of Ag. It implies that the modes located near 700 cm-1 
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can be considered as surface related modes.  
Coming back to our samples, these surface related modes have also been 
observed as shown in figure 3.1. The relative intensities of these two peaks change 
from one location on the surface to the others whereas other modes do not show any 
change. We labeled S1 the low frequency side mode and S2 the other. The relative 
intensities of S1 and S2 peaks are related to NWs misorientation, local concentration, 
coalescence degree, etc. It will be explained in details afterward.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To investigate the properties of S1 and S2 modes, we recorded Raman 
measurements in various scattering geometries. Firstly, we investigated Raman 
selection rules for the S1 and S2 modes in GaN NWs. They are shown in figure 3.4 
and figure 3.5. Conventional Raman selection rules for the wurtzite structure are well 
satisfied for the reference GaN layer, that is to say, strong scattering intensity by the 
E2 phonon in both polarization geometries and extinction of A1(LO) in the ܼሺܺ, ܻሻ ҧܼ 
polarization. However, the breakdown of polarization selection rules has been 
observed in NWs from the QLO mode and can be analyzed through the mixing 
scattering process of A1 and E1 symmetries. Similarly, we have not observed the 
evident dependence of SO modes on the light polarization. Figure 3.5 shows a series 
of Raman measurements in both polarizations at different locations. The laser is 
focused on the NWs by using a microscope objective of ൈ 100 magnification. On 
the one hand, the S2 mode emerges in both parallel (ܼሺܺ, ܺሻ ҧܼ) and perpendicular 
(ܼሺܺ, ܻሻ ҧܼ) polarizations. The intensity of S2 mode is always strong and comparable 
with QLO mode. Its frequency presents only small variations and seems to be almost 
unchanged in Raman spectra. On the other hand, the scattering signals recorded from 
S1 mode depend on the locations on the sample. The frequency of S1 mode also 
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Figure 3.4 Raman spectra of GaN NWs and a GaN thin layer recorded using 488nm excitation.  
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shows a large variation with measurement locations. In position 1 and 2, it was 
observed in both polarizations but the intensity was not as strong as that from S2 
mode. In position 3, S1 peak can be clearly distinguished from S2 peak and has a 
slightly higher intensity than that of S2 peak. In position 4, S1 and S2 peaks recorded 
in parallel polarization were definitely separated, whereas the S1 peak clearly 
disappeared for crossed polarization. From those results, it is supposed that S1 peak 
seems to have an A1-type symmetry character whereas the S2 peak has an E1-type 
symmetry nature. Furthermore, by fitting these spectra with Lorenz line shape 
functions, we can see that the splitting of S1 and S2 peak is analogous with the A1-E1 
splitting in the bulk. The A1-E1 splitting in the bulk due to the long range electrostatic 
force governing over the crystal anisotropy results in 9 ܿ݉ିଵ for LO modes and 26 
ܿ݉ିଵ for TO modes. However, in the Raman spectra from our sample, the observed 
splitting of these two peaks is ranged from 15 ܿ݉ିଵ to 22 ܿ݉ିଵ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To confirm our assumption, we have experimentally tilted NWs with various 
certain angles relative to the laser excitation direction. The backscattered signals from 
the NWs are thus not oriented along the crystal ܿ -axis. Experimental setup is 
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Figure 3.5 Polarized Raman spectra of GaN NWs at different locations 
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schematically depicted in figure 3.6. The sample was placed on a inclined glass slide 
with an angle of ߙ. By changing ߙ, we are thus able to adjust the angle between the 
NWs ܿ-axis and the incident light wave vector ࡷ࢏ . The wave vector ࢗ of the 
scattered light satisfies the wave vector’s conservation law: ࢗ ൌ ࡷ࢏ െ ࡷ࢙, which 
means that the angle of the ࢗ vector relative to the ܿ-axis is also  ߙ if we ignore 
refraction in the NWs for simplicity. This ࢗ vector can be decomposed into ࢗצ 
(A1-like) along the c-axis and ࢗୄ (E1-like) in the substrate plane. Theoretically when 
the propagation direction of excited wave vector is along the vibration mode direction, 
they will be coupled and induce strong Raman scattering. Thus, the contribution of 
the ࢗୄ vector in Raman scattering will increase with the tilt angle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 presents the Raman spectra of S1 and S2 modes recorded at different 
locations of the tilted NWs. The results confirm our assumption. As predicted, a S1 
peak of higher intensity than S2 one is observed for small tilt angle ߙ ൌ 15°. As the 
tilt angle increases gradually, intensity of S2 peak become stronger confirming its A1 
character whereas that of S1 peak decreases and can not be distinguished when the 
angle is large enough (see ߙ ൌ 45° spectra).  
When ߙ increases to 90°, the laser excitation enters from the NWs sides and has 
backscattering configuration ܺሺ_, _ሻ തܺ. We have measured Raman scattering in all the 
polarizations in this backscattering configuration ܺሺ_, _ሻ തܺ. Due to the NWs material 
and geometrical anisotropy, we found strong scattering signals from SO mode only in 
the ܺሺܼ, ܼሻ തܺ polarization where both the incident and scattered light polarizations 
are along the NWs. Figure 3.8 shows the Raman spectra at different locations from 
the bottom to the top of NWs using 532nm excitation. When the laser beam excites 
the bottom of the NWs (i.e. close to the NWs substrate interface), little signal from 
SO mode emerges out due to the NWs coalescence responsible of a quasi bulk-like 
material. 
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
Figure 3.6 The geometry of experimental setup. 
Sample stage 
KS 
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Figure 3.7 Raman measurements recorded at different locations of tilted NWs with 
various angles (ߙ ൌ 15°, 30°, 45°) 
Figure 3.8 Normalized Raman spectra of SO modes at different locations from the 
NWs bottom (close to substrate interface) to the NWs top. 
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However, we still notice a breakdown of Raman selection rules due to the observation 
of the QLO mode. As the coalescence decreases from the bottom to the top of NWs, 
we observe rather the emergence of S2 mode and it shows a redshift in Raman 
frequency. This indicates that the surface related modes emerge out as the NWs are 
well separated (this point refers to the filling factor and will be discussed later) and 
their surface area increases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The effect of the angle between the incident light wave vector and the NWs 
Figure 3.10 Raman spectra of SO modes measured with different microscope objectives at 
two different locations (labeled a and b). 
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Figure 3.9 Definition of numerical aperture (N.A.) of microscope objectives. 
( x100   N.A.=0.9;  x50  N.A.=0.5; x10   N.A.=0.25) 
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ܿ-axis has also been studied by using different microscope objectives (x10, x50, x100) 
with different numerical apertures. Here we define the θ angle between the optical 
axis and marginal rays of incident light (see figure 3.9). The numerical aperture (N.A.) 
is given by ܰ. ܣ. ൌ ݊௜ݏ݅݊ߠ, where ݊௜ is the optical index of incident medium. With 
the objective of x100 magnification, N.A. is 0.9 corresponding to a θ angle of 64.1°. 
The angle between the incident light wave vector and the NWs ܿ-axis goes from 0° to 
64.1° and consequently has a smaller average angle value.  
Raman spectra recorded at two different locations (labeled a and b) with different 
microscope objectives are shown in figure 3.10. As observed in the analysis of SO 
modes by tilting NWs, Raman scattering of S2 mode is enhanced with respect to S1 
mode by using objective of larger magnification. The E1-like feature of S2 mode is 
confirmed again by this point. With x10 objective, S1 and S2 can not be distinguished 
due to the weak signals caused by poorly focusing and larger laser spot size. In figure 
3.10 (b), S1 mode frequency also shows a slight redshift when increasing the 
numerical aperture of the objective. 
b. Raman spectra in organic solution 
Before going further in the study of SO modes, let us remind the reason why we 
carried out Raman experiments in organic solutions. In the macroscopic theory of 
light scattering, the light excitation is modulated by lattice vibration (phonons) via 
electrons. This modulation can also be described by induced electric dipoles and 
involves the dielectric constant of materials. In polar materials, as shown by the well 
known Lyddane-Sachs-Teller (LST) relationship ߝ଴ ߝஶ⁄ ൌ ߱௅ைଶ ்߱ைଶ⁄ , the dielectric 
functions are related to the phonon frequencies. For confined modes, we cannot do 
anything to change the dielectric constant. However, surface related modes are 
sensitive to the dielectric function of the medium surrounding the NWs. Therefore, in 
order to further confirm the surface nature of these modes and to study the influence 
of the dielectric constant of the medium surrounding the NWs, we have performed 
Raman experiments on NWs covered by different organic solutions. 
In the experiments, we cleaved the NWs samples into several pieces to avoid 
cross contamination. The dielectric constants of surrounding media in our 
measurements are shown in table 3.1.  
 
organic solution Dielectric constant (ࢿ࢓) 
Air 1 
Cyclohexane 1.9 
Nujol 2.3 
Toluene 2.38 
Aniline 2.56 
Chloroform 4.8 
Acetic acid 6.2 
 
 
 
Table 3.1 Dielectric constants of surrounding media of some solutions available in 
our laboratory. 
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We used a volumetric pipette to deposit a droplet of solution on each NWs 
sample to modify the dielectric constants of surrounding media. Before the 
measurements, we wait for about 10 minutes in order to let the solution penetrate into 
the vertically standing NWs. Raman spectra recorded on the GaN NWs covered by 
different solutions are shown in figure 3.11. We have to point out that Raman 
measurements were very difficult to perform with high dielectric constant solutions 
because of their high volatility under laser exposure. As can be seen in figure 3.11, for 
the spectrum recorded in chloroform (ߝ௠ ൌ 4.8), the redshift of SO mode is not 
obvious. This point will be explained later in the comparison with our model 
calculation. Here we mainly analyzed the Raman spectra in the NWs covered with 
cyclohexane and nujol. The behavior of SO modes can be dramatically changed by 
the interaction mediated by the dielectric environment surrounding them. The peaks 
of S1 and S2 show prominent redshifts in cyclohexane (ߝ௠ ൌ 1.9 ) and nujol 
(ߝ௠ ൌ 2.3) as a proof of high sensitivity to high dielectric constant of surrounding 
medium. By fitting precisely the frequencies of S1 and S2 peaks using Lorenz 
functions (their fitted frequencies are listed in table 3.2), we found that they 
underwent different redshifts. For NWs covered by cyclohexane, redshifts of 
െ18 ܿ݉ିଵ for S1 peak and െ20 ܿ݉ିଵ for S2 peak are measured. For NWs covered 
by nujol, they even reach െ28 ܿ݉ିଵ for S1 peak and െ23 ܿ݉ିଵ for S2 peak. The 
high sensitivity of S1 and S2 with the dielectric properties of the NWs surrounding 
medium (independently of any NWs morphological modification) is a clear 
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Figure 3.11 Raman spectra of SO modes recorded on NWs with different surrounding media. 
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experimental evidence of their surface character. It is important to point out that the 
measure of surface optical phonon scattering appears to be an efficient probe to 
analyze very sensitively the NWs surrounding medium. Similar results were observed 
in the Raman measurements on AlN nanotips covered by CCl4 solvent [31]. 
Furthermore, we have also noticed that the other allowed modes of GaN do not show 
any change in their peak position. The confined modes are not influenced by the 
modification of dielectric environment. The confined character of QLO mode 
validates their use as internal probe inside the GaN NWs [32]. 
 
 
3.2.2. Dielectric continuum theoretical simulation for surface optical 
modes  
In this section, we discuss the macroscopic electromagnetic theory of surface 
related phonon in the nanostructure. There are two theoretical approaches to describe 
SO phonons from the literature. In the first method, the nanostructure is considered as 
an isolated object [33]. The dielectric constant of the bulk material is taken into 
account and specific boundary conditions are applied to calculate the electric field at 
the interface between NWs and surrounding other medium. The properties of surface 
related modes are thus linked to the phonon wave vector ࢗ, nanostructure shape, size 
and the dielectric constant of the surrounding medium. This approach is rather applied 
for analyzing SO modes in single NWs. In the second method, the nanostructures are 
treated together as a homogeneous material. In polar GaN NWs, the interaction 
between NWs and electromagnetic wave (i.e. long-range dipolar interaction) is 
dominantly considered to be responsible for the appearance of surface related modes 
[18, 34-35]. In this approach, an appropriate effective dielectric function is defined to 
describe the NWs and their surrounding medium as an effective medium within the 
Maxwell-Garnett approximation. Therefore, the SO modes (also known as Fröhlich 
modes) frequencies essentially depend on the relative concentration of the NWs in the 
surrounding medium and effective dielectric function of NWs and surrounding 
medium. In this work, we adopted the second approach to analyze the origin of 
surface related modes and their optical properties. It provides not only a good 
description of the experimental behavior of SO modes, but also predicts the splitting 
of the coupled Fröhlich modes and anticrossing of axial and planar surface related 
modes. 
Dielectric constant (ࢿ࢓) S1 frequency S2 frequency 
1 691 709 
1.9 673 689 
2.3 663 686 
4.8 683 701 
Table 3.2 Fitted frequencies of S1 and S2 peaks 
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a. Effective medium model 
 
 
 
 
 
 
 
 
 
 
 
Now, we describe the effective medium model (see figure 3.12) within the 
dielectric continuum theory. As introduced in chapter 2, GaN is a polar uniaxial 
semiconductor material. Its dielectric constant is decomposed into the directions 
parallel and perpendicular to the ܿ-axis, ߝீצ ௔ேሺ߱ሻ and ߝୄீ௔ேሺ߱ሻ respectively. It is 
written:  
 
ߝሺ߱ሻ ൌ ቎
ߝୄீ௔ேሺ߱ሻ 0 0
0 ߝୄீ௔ேሺ߱ሻ 0
0 0  ߝீצ ௔ேሺ߱ሻ
቏,                    (3.1) 
with  
ߝீצ ௔ேሺ߱ሻ ൌ ߝ஺భ ൌ ߝஶ ൤1 ൅
ఠಲభሺಽೀሻమ ିఠಲభሺ೅ೀሻమ
ఠಲభሺ೅ೀሻమ ିఠమି௜ఠఊ
െ ఠ೛೗
మ
ఠమା௜ఠ୻൨,           (3.2) 
and  
ߝୄீ௔ேሺ߱ሻ ൌ ߝாభ ൌ ߝஶ ൤1 ൅
ఠಶభሺಽೀሻమ ିఠಶభሺ೅ೀሻమ
ఠಶభሺ೅ೀሻమ ିఠమି௜ఠఊ
െ ఠ೛೗
మ
ఠమା௜ఠ୻൨,           (3.3) 
where ߛ  is the phonon damping parameter, Γ  is the plasmon damping 
parameter and ߱௣௟ is the plasmon frequency. If we neglect the phonon and plasmon 
damping contribution terms, we can get 
ߝீצ ௔ேሺ߱ሻ ൌ ߝஶ ൤1 ൅ ఠಲభሺಽೀሻ
మ ିఠಲభሺ೅ೀሻమ
ఠಲభሺ೅ೀሻమ ିఠమ
൨ ൌ ߝஶ ൤ఠಲభሺಽೀሻ
మ ିఠమ
ఠಲభሺ೅ೀሻమ ିఠమ
൨,       (3.4) 
and  
ߝୄீ௔ேሺ߱ሻ ൌ ߝஶ ൤1 ൅ ఠಶభሺಽೀሻ
మ ିఠಶభሺ೅ೀሻమ
ఠಶభሺ೅ೀሻమ ିఠమ
൨ ൌ ߝஶ ൤ఠಶభሺಽೀሻ
మ ିఠమ
ఠಶభሺ೅ೀሻమ ିఠమ
൨,       (3.5) 
Equations (3.4) and (3.5) are the well known Lyddane-Sachs-Teller relationship. 
 
The NWs sample being described as homogeneous material, the dipolar 
Figure 3.12 Effective medium model 
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interaction between adjacent NWs is taken into account in the effective dielectric 
function by using Maxwell-Garnett approximation [36] as below:  
ߝୣצ ୤୤ሺ߱ሻ ൌ ሺ1 െ ݂ሻߝ௠ ൅ ݂ߝீצ ௔ேሺ߱ሻ                           (3.6) 
and  
ߝୄୣ୤୤ሺ߱ሻ ൌ ሺଵା௙ሻఌ఼
ಸೌಿሺఠሻାሺଵି௙ሻఌ೘
ሺଵି௙ሻఌ఼ಸೌಿሺఠሻାሺଵା௙ሻఌ೘ ߝ௠                       (3.7) 
 
where ݂ is the relative concentration of NWs and surrounding medium, also 
called filling factor (0<f<1). ε୫  is used to devote the dielectric constant of 
surrounding medium. 
Since GaN is a uniaxial crystal, the ordinary and extraordinary excitations exist 
simultaneously and we have to take into account the angular dispersion of ߠ which is 
the angle between the light wave vector and the wurtzite ܿ-axis. Therefore, the 
effective dielectric constant of whole material can be expressed by 
ߝ௧௢௧௔௟ୣ୤୤ ሺ߱ሻ ൌ ߝୣצ ୤୤ሺ߱ሻܿ݋ݏଶߠ ൅ ߝୄୣ୤୤ሺ߱ሻݏ݅݊ଶߠ,                        (3.8) 
 
The Raman lineshapes of the longitudinal modes due to the excitation of 
extraordinary phonon can be calculated by 
ܫ௘௢ ן ܫ݉ሾെ ଵఌ೟೚೟ೌ೗౛౜౜ ሺఠሻሿ,                                        (3.9) 
and the Raman lineshapes of the transverse modes due to the excitation of 
ordinary phonon can be calculated by  
ܫ௢ ן ܫ݉ሾߝୄୣ୤୤ሺ߱ሻሿ,                                           (3.10) 
Therefore, Raman intensities should be maximum for extraordinary phonons 
when ߝ௧௢௧௔௟ୣ୤୤ ሺ߱ሻ approaches to zero and for ordinary phonons when ߝୄୣ୤୤ሺ߱ሻ goes 
to infinity. 
In the ideal limit, ߛ ൌ 0 and Γ ൌ 0, if we substitute Eq. (3.4) into Eq. (3.6) and 
Eq. (3.5) into Eq. (3.7), then the effective dielectric function can be rewritten in the 
forms of poles and zeros as follow: 
ߝୣצ ୤୤ሺ߱ሻ ൌ ሾ݂ߝஶ ൅ ሺ1 െ ݂ሻߝ௠ሿ ڄ ఠ
మି ఠభమሺ௙ሻ
ఠమିఠಲభሺ೅ೀሻమ
 ,               (3.11) 
and 
ߝୄୣ୤୤ሺ߱ሻ ൌ ቂሺଵା௙ሻఌಮାሺଵି௙ሻఌ೘ሺଵି௙ሻఌಮାሺଵା௙ሻఌ೘ቃ ڄ
ఠమିఠమమሺ௙ሻ
ఠమିఠయమሺ௙ሻ,                  (3.12) 
where  
߱ଵଶሺ݂ሻ ൌ ሺଵି௙ሻఌ೘ఠಲభሺ೅ೀሻ
మ ା௙ఌಮఠಲభሺಽೀሻమ
௙ఌಮାሺଵି௙ሻఌ೘ ,                     (3.13) 
߱ଶଶሺ݂ሻ ൌ ሺଵି௙ሻఌ೘ఠಶభሺ೅ೀሻ
మ ାሺଵା௙ሻఌಮఠಶభሺಽೀሻమ
ሺଵା௙ሻఌಮାሺଵି௙ሻఌ೘ ,                  (3.14) 
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߱ଷଶሺ݂ሻ ൌ ሺଵା௙ሻఌ೘ఠಶభሺ೅ೀሻ
మ ାሺଵି௙ሻఌಮఠಶభሺಽೀሻమ
ሺଵି௙ሻఌಮାሺଵା௙ሻఌ೘ ,                  (3.15) 
 
Two limit cases have to be considered. Firstly for a true backscattering geometry 
along the NWs (ߠ ൌ 0°), according to Eq. (3.9) and Eq. (3.10), a peak in the Raman 
spectra corresponding to extraordinary LO phonon arises at the zero ߱ ൌ ߱ଵሺ݂ሻ and 
is of longitudinal Fröhlich character. So we note it FL modes (with A1 symmetry). 
Meanwhile, another peak corresponding to extraordinary TO phonon arises at the pole 
߱ ൌ ߱ଷሺ݂ሻ and is of transverse Fröhlich character. So we note it FT modes (with E1 
symmetry). Secondly, when considering backscattering perpendicular to ܿ -axis 
(ߠ ൌ 90°), only transverse Fröhlich modes can be excited. Their peaks will arise at 
the zero ߱ ൌ ߱ଶሺ݂ሻ and at the pole ߱ ൌ ߱ଷሺ݂ሻ. 
To accurately simulate the surface related modes for NWs, the plasmon damping 
parameter Γ was set to zero due to the absence of free carriers. However, the phonon 
damping influence could not be ignored and a value ߛ ൌ 10 cm-1 which is close to 
that of the A1(LO) phonon has been used in the model. Accordingly, Eq. (3.2) and Eq. 
(3.3) will be used into the calculation instead of Eq. (3.4) and Eq. (3.5). 
 
b. Analysis of SO modes in GaN NWs by effective medium model  
 
For the simulation, the frequency values of longitudinal and transverse optical 
modes of bulk GaN reported in Table 2.1 were taken into the model. The GaN high 
frequency dielectric constant ߝஶ is taken to be isotropic and equal to 5.35.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect of the ࣂ angle 
 
In order to investigate the combined effect of the θ angle induced by the 
misorientation of NWs and by the objective aperture, we calculated the Raman line 
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Figure 3.13 Calculated ܫ௘௢ Raman line shapes (݂ ൌ 0.38) 
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shapes of these modes as a function of the θ angle. We present mainly the results of 
extraordinary phonons simulated by Iୣ୭, since the intensities of line shapes calculated 
by I୭ is much smaller than that calculated by Iୣ୭. We used the average filling factor 
݂ determined at 0.38 according to the AFM analysis and calculated the Raman line 
shapes for different values of θ. Figure 3.13 shows the line shapes calculated for four 
different θ values of 0.02 rad, 0.05 rad, 0.1 rad and 0.2 rad. As θ increases from 
0.02 rad to 0.2 rad (~11.5°), the unique peak at 691 cm-1 splits into two distinct peaks, 
one at 679 cm-1 and the other at 703 cm-1. To see how they evolve, we plotted the 
frequencies of these two peaks as a function of θ in the (0, ߨ/2) range. 
As shown in figure 3.14, we used the circle mark size to represent Raman 
intensities. When the θ angle is small (θ ൏ 0.6 rad), the intensity of S1 mode is 
comparable with that of S2 mode. However, as θ increases from 0.6 rad (34.5°) to 
ߨ/2, the intensity of S1 mode falls down dramatically whereas that of S2 mode is still 
high. It can explain the experimental results shown in figure 3.7 and 3.10. S1 and S2 
peaks can be both observed in the same time for low θ values but S2 peak could be 
more easily excited than S1 for high θ values. Moreover, we would also like to 
underline that the intensity of transverse mode calculated by ܫ௢ is much weaker 
(~10-3) than that of the other two modes, although it emerges at the same frequency at 
~691 cm-1. That is why it can be neglected in the calculation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When increasing θ, the S1 mode evolves from 691 cm-1 to 532 cm-1 (A1(TO) 
mode frequency) and S2 mode frequency increases from 691 cm-1 to 729 cm-1 (38 
cm-1 above T mode). It has to be mentioned that the larger θ, the larger the frequency 
splitting of these two surface modes (as large as 200 cm-1). Comparing to the 
frequencies of surface modes measured with x100 objective, the total effect of the 
angle corresponds closely to the case of θ=0.2 rad. However, the value of θ 
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Figure 3.14 Two surface modes (red solid lines) and a transverse mode (black dashed line) 
calculated as a function of θ (݂ ൌ 0.38). Circle mark size represents intensity of each mode. 
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parameter is not unique for calculation if we take into account the filling factor ݂. 
 
Effect of the filling factor ࢌ 
 
Now we are going to analyze the influence of filling factor ݂. We inputted 
θ=0.2 rad into the calculation. Frequencies of the calculated modes as a function of 
the filling factor are shown in figure 3.15. Fröhlich longitudinal (FL, parallel to NWs 
ܿ-axis) and transverse (FT, perpendicular to NWs ܿ-axis) modes are shown in dashed 
lines. They are calculated by using the Eq. (3.13) and Eq. (3.15) respectively. 
Moreover, the red solid lines show the frequencies of S1 and S2 modes and their 
relative intensities are also represented by the marks size. From the marks size, we 
can see that the S1 mode has much higher intensity than S2 mode for low filling 
factor (݂ ൏ 0.3) and the S2 mode has much higher intensity than S1 mode inversely 
for high filling factor (݂ ൐ 0.5). It is important to mention that their intensities are 
comparable when ݂ is near the anti-crossing point. This is why in our Raman 
experiments (݂ ൎ 0.4) we can observe two surface related modes simultaneously. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With respect to the frequencies, FL branch starts from ߱஺భሺ்ைሻ (for ݂ close to 
zero) and goes to ߱஺భሺ௅ைሻ (݂ approaching 1). On the contrary, FT branch decreases 
from 716 cm-1 towards ߱ாభሺ்ைሻ as ݂ increases. It appears an anti-crossing point at a 
peculiar value (݂ ൌ 0.38) between these two extreme cases: isolated NWs (݂ ൌ 0) 
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Figure 3.15 Two surface modes (red solid lines) as a function of filling factor for θ ൌ 0.2 rad. 
Fröhlich longitudinal (FL) and transverse (FT) are calculated using Eq.(3.13) and (3.15) 
respectively. Intensities of S1 and S2 modes are represented by the mark size. 
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Filling factor ݂ 
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and bulk GaN (݂ ൌ 1). For surface modes, the evolution of S1 mode goes along the 
FL branch for low ݂ values typically up to ݂ ൎ 0.3 and then goes along the FT 
branch for high ݂ values, typically ݂ ൐ 0.5. The S2 mode evolves along the FT 
branch for low ݂ values and then along the FL branch for high ݂ values. Due to 
their intensities, we can obtain only one peak for ݂ ൏ 0.3 and ݂ ൐ 0.5 as shown in 
the insets of figure 3.15. However, in the anti-crossing region (0.3 ൏ ݂ ൏ 0.5), we 
obtained two peaks owing to the splitting between these two FL and FT Fröhlich 
modes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As predicted in Eq. (3.9), when θ ് 0 rad, the maxima of the extraordinary 
wave (i.e. the zeros of ߝୣצ ୤୤ሺ߱ሻܿ݋ݏଶߠ ൅ ߝୄୣ୤୤ሺ߱ሻݏ݅݊ଶߠ) have a mixed A1-E1 character and 
an anti-crossing between the modes is observed. Similarly, as the filling factor 
changes, they have also the mixed A1-E1 feature. Consequently, here the S1 mode has 
an A1 symmetry until ݂ ൎ 0.3, then it mixes strongly with the E1 symmetry as ݂ 
tends to 0.5. On the contrary, the S2 mode has an E1 symmetry until ݂ ൎ 0.3, then it 
mixes strongly with the A1 symmetry as ݂ tends to 0.5. Depending on the value of ݂ 
in the region of the anti-crossing, the low energy S1 mode may has one symmetry or 
the other. It thus leads to complex polarization dependence near the anti-crossing 
point. It can be used to explain the polarized Raman observation in figure 3.5 that the 
S1 mode has evidently rather A1 symmetry in the position 4. It seems that it has a 
lower filling factor at position 4. Furthermore, the narrower the splitting between the 
two peaks, the stronger the symmetry mixing. This means that the spectrum recorded 
at position 3 corresponds to a location where the filling factor is very close to the 
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Figure 3.16 Two surface modes (red solid lines) calculated as a function of filling factor for 
different θ ൌ 0.2 rad, 0.4 rad, 0.6 rad. Furthermore, ߱ଶሺ݂ሻ in Eq.(3.14) has also been ploted. 
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anti-crossing point. The spectra in position 2 and 3 correspond to the ݂ value slightly 
above 0.4. In addition, from the curvatures of S1 and S2 curves, we can see that S1 
mode shows larger frequency variation that S2 mode when the filling factor varies.  
Figure 3.16 shows the evolution of the surface modes as a function of filling 
factor for different θ. The same conclusion as in figure 3.14 can be made: the larger 
θ, the larger values the frequency splitting of these two surface modes near the 
anti-crossing region. But here, we would like to emphasize the evolution of high 
energy S2 mode with large θ values. As the θ angle increases, the frequency of S2 
mode becomes closer of ωଶ, whose variation is limited in a small region between 716 
cm-1 and ωEభሺLOሻ. In fact, the evolution of ߱ଵ and ߱ଷ with ݂ (FL and FT curves) 
explains very well the experimental results observed for S2, especially in the cases of 
low θ angles, whereas the evolution of ߱ଶ give a good estimation of the variation of 
the S2 frequency mode in the cases of high angle values. The Raman line shapes for a 
large θ value (θ ൌ 1.5 rad) with different filling factor are shown in figure 3.17. We 
can obtain and distinguish S2 peak across the whole filling factor region but S1 peak 
exhibits very low intensity as shown in figure 3.17 (peaks labeled “*”). It confirms the 
Raman observation from NWs sidewall (ܺሺ_, _ሻ തܺ polarization) presented in figure 3.8. 
As the filling factor decreases from the bottom (coalescent NWs) to the top (separated 
NWs) of NWs, only S2 peak below QLO mode has been observed. 
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Figure 3.17 Calculated ܫ௘௢ Raman line shapes with different filling factor (θ ൌ 1.5 radሻ. 
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Effect of dielectric constant of surrounding medium  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Owing to the obvious redshift of surface modes measured when NWs are 
immersed in organic solution, we simulated the dependence of the Raman line shapes 
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Figure 3.18 Calculated ܫ௘௢ Raman line shapes with different ε୫ (θ ൌ 0.2 rad, ݂ ൌ 0.4ሻ. 
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Figure 3.19 Experimental data (dots) and calculated values (solid lines) of SO 
modes frequencies as a function of the dielectric constant ε୫. 
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on the dielectric constant of surrounding medium. The theoretical Raman line shapes 
computed by substituting the ߝ௠ with various values are shown in figure 3.18. The 
calculations show a significant decrease of the SO modes frequencies with the 
increase of dielectric constant of the surrounding medium ߝ௠ . To compare the 
theoretical values with the experimental data, we plotted their frequencies as a 
function of ߝ௠ in figure 3.19. We notice that they follow the same variation. For 
ߝ௠ ൌ 2.3, even if the model predicts a larger redshift for S1 mode than that for S2 
mode as observed in Raman experiments (see figure 3.11), the calculated redshifts of 
-37 cm-1 for S1 and of -30 cm-1 for S2 mode are higher than the experimental ones. 
This discrepancy between theoretical and experimental data mainly results from some 
experimental uncertainties such as incomplete wetting of the NWs by the surrounding 
organic solution and/or highly evaporation under the laser excitation. These two 
uncertainties tend to overestimate the actual effective dielectric constant of the hybrid 
surrounding medium (air and solution). 
3.3 Photoluminescence in GaN nanowires 
Now we are going to give a brief introduction to the photoluminescence before 
the Ultraviolet (UV) Raman study in GaN NWs.  
Luminescence is the emission of light from a material due to the transition from 
a real excited electronic state to a state of lower energy. Photoluminescence (PL) is a 
type of luminescence where the excited electronic state is created by the absorption of 
photons from incident radiation. In this process, electrons (and holes) in the material 
are excited and then return to a lower energy state by emission of light after some 
energy loss (relaxation). 
For incident light excitation having a photon energy lower than the electronic 
band gap energy (for a pure semiconductor sample), no PL signals could be observed 
in theory (two-photon absorption is possible but is usually a week effect) since no real 
electronic states are available for occupation. Using incident light with photon energy 
greater than band gap energy allows the creation of electron-hole (e-h) pairs. The 
electrons tend to thermalize and accumulate at the conduction band minima whereas 
the holes accumulate at the valence band maxima. If the band gap is direct, the e-h 
pairs can recombine radiatively with a high probability. This is called a band-to-band 
transition. For indirect band gap materials (with the conduction and valence band 
extrema at different momentum k positions), the radiative transition is only allowed 
with phonon assistance and so the radiative recombination probability is much lower 
[37]. 
In general, there are always shallow donor or acceptor electronic energy levels in 
the band gap in real semiconductor due to the impurities (e.g. dopants) and defects. At 
high temperatures band-to-band transitions will dominate since these shallow levels 
will be ionized. However, at sufficiently low temperature free electrons can 
recombine radiatively with holes trapped at the acceptor (donor) levels. These 
transitions are called free-to-bound transitions. In compensated semiconductors donor 
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and acceptor levels are ionized (the electrons from donor sites are captured on to the 
acceptors sites). Optical excitation can create electrons and holes in the conduction 
and valence bands, respectively. These carriers can then be trapped at the ionized 
donor and acceptor sites to produce neutral donor and acceptor sites. The return to 
equilibrium via radiative recombination of electrons trapped at donor energy levels 
with holes trapped at acceptors levels is known as a donor-acceptor pairs (DAP) 
transition. 
For high quality and high purity semiconductors, at low temperatures 
photo-excited electrons and holes are expected to be attracted to each other by the 
Coulomb interaction to form excitons [37]. The radiative annihilation [ ‚ə naiə'leiʃn] 
of excitons give rise to the Free Exciton (FX) luminescence signals. The presence of 
neutural donors or acceptors will attract the excitons via the van der Waals interaction. 
This attraction lowers the exciton energy and so neutral impurities are very efficient at 
trapping excitons to form bound excitons at low temperatures. Annihilation of bound 
excitons at donors gives donor-bound-exciton (DBE) PL signals. In wurtzite GaN the 
top of the valence band is split into three states (see figure 2.8). This gives rise to 
three exciton types denoted as A, B and C. There are thus three FX luminescence 
signals corresponding to annihilation of the A, B and C excitons at 3.485 eV, 3.491 eV 
and 3.5 eV, respectively [38]. However, these signals are often difficult to observe 
(even in unintentionally doped material) due to the common presence of donor levels 
(thought to be associated with nitrogen vacancies) and PL spectra from wurtzite GaN 
are typically dominated by the DBE signal at ~3.47 eV [39]. Furthermore, the effect 
of biaxial compressive stress on wurtzite GaN causes the DBE PL peak to increase by 
20-30 meV GPa [39, 40]. This is a consequence of the increase in the band gap energy 
induced by compressive stress. 
Electronic energy states (from defects or impurities) near the middle of the band 
gap are termed deep level states. If they give rise to radiative transitions, they are 
called radiative recombination center, otherwise they are referred to as non-radiative 
traps. Photoluminescence signals are possible from deep level radiative recombination 
center even for excitation photon energy below the band gap energy. Radiative 
recombination can preferentially occur between states of lower energy. This makes PL 
spectroscopy a very sensitive technique for probing low-lying energy levels such as 
deep centers. The PL process is competitive and PL signals often depend on the 
excitation intensity. These factors mean that quantitative measurements are often 
difficult to achieve using PL spectroscopy.  
The effect of temperature on PL spectra is very pronounced – at room 
temperature (~300K) thermal broadening of PL signals is usually large. Samples are 
typically cooled to observe the excitonic PL signals. The equipments for the recording 
of PL spectra are in principle the same as that used to record Raman spectra: a laser is 
used as the excitation source and a spectrometer is used to analyze the PL signals. 
Photoluminescence spectral features are usually broader than Raman features. For 
example, a typical GaN E2h Raman peak of FWHM 3 cm-1 corresponds to an energy 
of ~0.4 meV whereas a typical donor-bound exciton peak of GaN at 10 K has a 
FWHM of ~20 meV. PL signals are spread over a larger energy range below the 
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energy of the excitation energy compared to Raman signals. Moreover, PL signals are 
normally of much stronger intensity than Raman signals and thus can prevent the 
observation of Raman signals. The spectral range usually needs to be larger to see all 
the interesting PL features which are provided by a low dispersion system. 
The micro photoluminescence measurements were performed to investigate the 
optical emission properties in GaN NWs. It is to note that the -PL measurement was 
carried out by Ph. D. R. Mata at the Department of Applied Physics and 
Electromagnetism of the Universtiy of Valencia, in Spain. They measured the 
photoluminescence in the temperature from 10K to 300K. The samples were cooled 
down in a continuous flow He-gas cryostat Coolpak 6000 and a temperature controller 
Cryo Vac Tic 304-MA were used to control the sample temperature. The 325nm line 
laser by He-Cd Kimmon model IK3301R-G was employed to photo-excite GaN NWs.  
Figure 3.20 shows PL spectra recorded from undoped NWs in the temperature of 
10K and 300K. For the low temperature 10K, the PL spectrum presents a strong and 
narrow excitonic emission at 3.469 eV which is associated to the exciton bound to a 
neutral donor (D°XA). This peak has a FWHM of 4meV indicating a good crystalline 
quality of the NWs. At the high energy side of the band edge, there is a shoulder 
which is related to the recombination of the free exciton XA at 3.475eV. At the low 
energy side of the band edge, there are three other characteristic emission peaks: one 
emission at 3.449 eV, one board emission at 3.415 eV and a weak emission at 3.354 
eV. The emission band at 3.41eV is associated to the bottom part of the NWs since it 
disappears in the seprated NWs which were detached and dispersed on a new Si 
substrate [41]. 
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Figure 3.20 The PL spectra of sample N1076 measured in the temperature of 10K and 
300K. The intensity is represented in logarithmical scale. 
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However, at room temperature 300K, only the near band emission dominates the 
PL spectrum at 3.41eV which is ascribed to the Donor-Bound Exciton (DBE) 
transition. This transition energy is below the band gap due to the shallow donor 
electronic energy levels of unintentional doping.   
3.4 Ultraviolet Raman scattering in GaN nanowires 
The GaN NWs ensemble were also characterized by ultraviolet (UV) Raman 
spectroscopy by the excitation of various wavelengths from 275 nm to 364 nm. The 
excitation energy is close to the band gap energy of GaN (precisely the real excited 
states level in the band energy) and thus the light is strongly absorbed in the NWs. 
Thus the photoluminescence (PL) signals from electron-hole recombination in 
materials can often cause problems when carrying out the UV Raman measurements. 
The PL signals can be orders of intensity stronger than the Raman scattered signals 
and are often of broad width masking the Raman signals over the entire spectrum. 
Since the PL energies do not change with the excitation frequency, we can select 
excitation of certain wavelength to remove the PL band out of the spectrum. 
Furthermore, the PL signals usually vary non-linearly with respect to the excitation 
power. Thus changing of the excitation power by using the filters in the laser beam 
path also helps to resolve Raman scattered signals and avoid the effect of heating. The 
measurements were taken in Zሺ_ , _ሻZത  geometry, i.e. backscattering with 
non-polarized detection. In this experimental configuration, the Raman spectra are 
dominated in near resonance conditions by the A1(LO) phonons.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the UV Raman scattering, the electron-phonon Fröhlich interaction 
i  s 
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Figure 3.21 Schematic diagram of multi LO phonon Raman scattering with the 1s 
exciton as the resonant intermediate state.
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predominates in the resonant condition so that only the LO phonon will be detected. 
Not only the first order Raman signals can be observed but also strong multi LO 
phonon scattering can emerge out possibly. This scattering mechanism can be 
described in figure 3.21. The exciton is created in the material by absorption of the 
incident photon (԰߱௜) with emission of an LO phonon for wave vector conservation 
[37]. Relaxation of this exciton into a lower energy state within the 1s exciton band 
occurs with the successive emission of LO phonons. Finally, a radiative 
recombination of the electron-hole pair takes place with an emission of the scattered 
photon (԰߱௦). Although the decay steps involve LO phonon of various wave vectors, 
it is still near the Brouillon center Γ point and has nearly identical frequencies. Thus 
the Raman scattered light has a frequency shift from the incident light by an integer 
multiple of the LO phonon frequency.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.22 shows Raman spectra of GaN NWs at room temperature with the 
excitation of various wavelengths. We observed first and second order scattering of 
LO phonon with different excitations. Position of PL band will be changed by 
different energy of incident light. According to the PL measurement shown in figure 
3.20, the PL signal in NWs occurs at 3.41 eV. Therefore, the PL band emerges around 
the incident line when using the excitation of 364 nm (~3.41eV) whereas it shows an 
energy shift of 112 meV (~900 cm-1) by excitation of 351nm (3.53 eV). To avoid the 
PL signals, we selected 300nm (4.13 eV) laser line for UV Raman measurements. 
This wavelength is above the GaN band gap and its PL signal is at 5800 cm-1 (720 
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Figure 3.22 Raman spectra from undoped NWs recorded with excitation of different 
wavelengths. First- and second-order LO phonons have been observed when using the 
excitation from 300nm to 364nm.  
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meV). It disappears thus in the dispersion range and one can distinguish resonant 
Raman scattering from A1(LO) phonon giving significant scattering cross-section for 
second, even for third order scattering process. 
3.5 Conclusion 
In this chapter, we have investigated the structural and optical properties of GaN 
NWs ensemble. Firstly, we have described the growth of GaN NWs by PA-MBE, 
their surface morphology, dimension and orientation. We have found that undoped 
GaN NWs were well isolated at the top part and have coalescence at the bottom part. 
Secondly, we took the visible Raman measurements on these NWs and found surface 
related phonon modes located between longitudinal and transverse optical modes. We 
investigated experimentally the detailed optical properties of these two surfaced 
related modes. Finally, this study has been completed by numerical simulation based 
on an average dielectric medium model.  
In conclusion, we show that the surface modes frequency depends on the filling 
factor and on the angle of the wavevector of the incoming photon with respect to the 
NWs orientation. If one wants to observe the double structure, the NWs filling factor 
has to be around the anti-crossing point where the respective intensities of the two 
modes are comparable and strong enough. In addition, it needs a strong anisotropy in 
the material where the strong transverse-longitudinal splitting of the Fröhlich modes 
can occur near anti-crossing point. In fact, compared to GaP or most of the other 
materials, the GaN has higher ionicity and a Fröhlich constant six times higher with 
respect to GaAs or GaP [42]. Thus there is a frequency band gap of 18 cm-1 between 
S1 and S2 modes. This enlarges significantly the opportunities to detect the double 
structure distinctly. Furthermore, the anisotropy and polarity of the wurtzite GaN 
also lead to strong dipolar coupling between neighbouring NWs and result in the 
strong intensities of surface modes. 
We would like to point out that, due to the limitation of the NWs samples, we 
have not performed Raman scattering on samples exhibiting NWs with different sizes 
and concentrations. However, in the work of R. Mata [29], the surface mode in GaN 
NWs has been studied as a function of the NWs density and diameter. The authors 
showed also the strong dependence of the surface modes on the filling factor and 
found the most favorable filling factor to observe the double structure which coincides 
with that of our samples. According to the experimental and theoretical results 
obtained in the NWs samples with a filling factor around 0.4, it turns out that S1 mode 
has an A1-like symmetry and S2 mode has an E1-like symmetry. The vibration of the 
S1 Fröhlich longitudinal mode propagating along the NWs results in S1 mode more 
sensitive to the exterior environment and more easily screened by the dielectric 
constant of the surrounding medium. So as to isolated NWs, the surrounding medium 
predominates in the effective dielectric function, the frequency of the S1 mode is 
equal to that of A1(TO) which results from the complete screening of the macroscopic 
electric field related to A1(LO) vibration. On the contrary, the S2 Fröhlich transverse 
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mode is less sensitive to the exterior environment due to its planar nature. But there is 
no evidence for the moment whether the vibration of S2 mode is radial or tangential 
direction. In the single NW limit, the frequency of S2 mode as predicted at 716 cm-1 
results from partial screening of the electric field of the E1(LO) longitudinal vibration 
by the dielectric constant of air. 
The high sensitivity of these two orthogonal surface modes to the dielectric 
constant of the exterior medium can be used to probe the dielectric environment, even 
at the scale of a single NW. Indeed, if the axial Fröhlich mode allows the use of 
vertically aligned NWs as sensors, the frequency shift undergone by the planar 
surface mode can be a powerful dielectric sensor at the scale of single NWs supported 
by any substrate. Furthermore, the monitoring of the interaction between isolated NW 
and the substrate surface can be improved for future special applications. 
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Chapter 4  Vibrational analysis of single NWs 
GaN NWs became progressively fundamental building blocks for nanoscale 
electronics and optoelectronic devices. They have attracted great interest due to their 
typically single crystalline, highly intrinsic (GaN) and structural (elongated shape) 
anisotropy. Indeed, in addition to their original optoelectronic properties [1-2], single 
and self-assembled semiconductor NWs also exhibit specific transport properties, and 
are therefore good candidates for the realization of new electronic devices [3-4]. For 
instance, the piezoelectric properties of wurtzite structure based nitrides NWs are 
exploited for such applications, as already demonstrated in the case of wurtzite ZnO 
NWs [5]. Moreover, the large surface/volume ratio of NWs increases their sensitivity 
to surface phenomena for biochemical sensing [6].  
2D layers of III-V nitride semiconductors are usually characterized by a high 
density of structural defects. For instance, threading edge dislocations (with densities 
ranging from 107 to 1010 cm-2) are created at the early coalescence step of adjacent 
grains. In contrast, nitride NWs can be viewed as a collection of non-coalesced 
vertically extending grains and are thus grown without crystallographic defects. The 
study of NWs allow for investigating the intrinsic material properties, i.e. without 
contribution of defects. 
The last chapter is devoted to the study of confined and surface related 
vibrational modes in NWs ensemble by Raman scattering. In this chapter, we will 
concentrate on single NWs. From the investigation of single NWs, it has been 
demonstrated that the optical properties of NWs are strongly affected by their large 
surface-to-volume ratio (or aspect ratio). The optical properties of single NWs may 
strongly vary so that an extrapolation from ensemble properties to the characteristics 
of single NWs is not applicable. The work of L. Cao et al. [7], reported that the 
optical properties and Raman selection rules in NWs are different compared to bulk 
GaN and are significantly influenced by the NWs Aspect Ratio (AR=length/diameter). 
Recently, GaAs and GaP single NWs have been strongly investigated by 
micro-Raman scattering [8-10]. The investigation of the photoluminescence in single 
GaN NWs reveals the significance of their large surface-to-volume ratio and has been 
found to be responsible for the different recombination mechanisms in NWs [11]. A 
few vibrational studies of single GaN NWs were reported. Livneh et al. [12] 
investigated the modification of the Raman selection rules in single GaN NWs. 
Schäfer-Nolte et al. [13] studied the Raman scattering anisotropy in narrow GaN NWs. 
Hsiao et al. [14] investigated the Raman signal of single GaN NWs and reported on 
surface phonons. By contrast, the observation of surface mode in our work seems to 
be in better accordance with the theoretical prediction by dielectric continuum mode. 
Resonant UV micro-Raman scattering has been recently used in CEMES to probe 
structural fluctuations in single GaN/AlN NWs [15]. In these studies, the dependence 
of the Raman scattering intensity and selection rules on the NW size and aspect ratio 
were not addressed experimentally. In this chapter, the micro-Raman spectroscopy 
studies have been performed systematically on single GaN NWs with both visible and 
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ultra-violet (UV) excitation. We focus on the dependence of the Raman scattering 
properties on their size and aspect ratio. The transition from bulk-like Raman 
selection rules to strongly polarized Raman scattering and the characteristic feature of 
narrow GaN NWs will be discussed in detail. Moreover, we have observed vibrational 
modes between the longitudinal and transverse optical phonon frequencies of GaN. 
These modes are interpreted using numerical simulations based on the Discrete 
Dipole Approximation (DDA) method. Their nature and their dependence on the 
incident light polarization are discussed using simulations of the electric field 
distributions around and inside a GaN NW model. Finally, the structural properties in 
the single core/shell GaN/AlN NWs will be briefly introduced. The strain induced by 
the AlN shell formed during the growth are analyzed by the Raman scattering of 
longitudinal optical phonon (QLO) using ultraviolet resonant excitation near the 
energy band gap of GaN. The strain in the lower part covered by AlN shell and the top 
part will be analyzed.  
4.1 Sample preparation and experimental approach 
Since the NWs density in as-grown NWs ensemble is very high, ~1010 cm-2, the 
micro Raman technique probes at least several tens of NWs simultaneously and it 
does not allow to investigate the vibrational properties of a single free standing NWs. 
We need to separate the NWs from their growth substrate to study them. It has to be 
reminded that the growth of GaN NWs by means of PAMBE is strongly dependent on 
the growth temperature [16]. Their density, length and diameter would be strongly 
different with different temperature. With low temperature (typically below 800°C), 
the NWs exhibit relative thick diameters and grow tightly with coalescence. We thus 
could not find single free-standing and well separated NWs. With high temperature, 
although the NWs density decreases and the NWs’ size drops down and can even 
reach diameter of ~12nm, we also could not study such tiny single NWs directly due 
to the limitation of the optical resolution of our Raman instrument. The volume of 
Raman scattering in single NWs is so small that the Raman efficiency is too low to 
get enough Raman signal. For all these reasons, we need to cut down the NWs and 
find clean substrates to redeposit the NWs, making them lying down with a low 
density in order to obtain isolated single NWs. 
We tried different substrates, such as SiC, MoS2, amorphous Silicon and graphite. 
Actually, in order to locate NWs during the manipulation, we used the FIB technique 
(Focus Ion Beam) to ion-mill arrays (4ൈ5) of geometrical patterns (12mൈ6m) on 
the substrate surface which are shown in figure 4.1. Considering its compatibility with 
the experimental process for ion-milling and Raman measurement, the freshly cleaved 
Highly Ordered Pyrolytic Graphite (HOPG) has been selected finally for NWs’ 
deposition. It exhibits large atomically flat terraces and has no significant Raman 
signature in the phonon frequency range investigated in this study.  
There are two approaches for the NWs deposition:  
Scratching: Using a scalpel, NWs can be scraped off the wafer directly. They 
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are then transferred to the milled substrate by sliding the scalpel along its surface. The 
density of isolated NWs is, however, difficult to adjust. They might be scraped off 
with the coalesced part and the silicon substrate as well. Meanwhile, contamination 
may be also introduced in this method. 
Wet dispersion: A piece of a NWs ensemble sample is immersed in a solvent 
such as acetone or ethanol. The solution is sonicated in an ultrasonic bath. The NWs 
are gently detached from their substrate and float in the solvent. NWs are then 
dispersed on the substrate using a micro pipette. The density of isolated NWs in the 
solution can be increased by increasing the ultrasonic bath time and it can also be 
adjusted by the amount of dispersed solvent. After evaporation of the solvent, the 
dispersed NWs can be easily located and examined with the ion-milled pattern. In this 
work, this method was applied to disperse GaN NWs on the HOPG substrate. The 
vibration in ultrasonic bath last for 30 minutes and 2L of NWs solution was drop 
casted on the patterned HOPG surface. Due to this mild process, contamination is 
minimized and the NWs are cut down around their mid length.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In section 3.1, we have shown the morphology of free standing NWs ensemble 
with a length of 3m. Using wet dispersion, the vertical NWs were broken down 
randomly a few hundreds of nanometers from the base by the ultrasonic waves and 
then statistically distributed on the HOPG surface. They were well isolated and easy 
to locate thanks to the pattern as shown in figure 4.2. 
The morphology and dimensions of single NWs have been analyzed by both 
scanning electron microscopy (SEM – Jeol 6490) and atomic force microscopy 
(AFM–Bruker–Dimension 3100). In order to minimize probe-to-surface mechanical 
interaction, the AFM operated in the intermittent contact mode and thus prevent any 
Figure 4.1 SEM image of 9 ion-milled arrays (4ൈ5) of geometrical patterns (“Γ ” of 
12mൈ6m) on the HOPG surface. Distance between each mark is 50m. 
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displacement of the NW by the tip. The length of the re-dispersed NWs is found to be 
slightly smaller than the average length of the vertical NWs. Isolated single NWs 
exhibit typical dimensions of 1- 2.5 m in length and 50-250 nm in diameter as 
shown by the example presented in figure 4.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 AFM image of a single GaN NW on the HOPG surface. 
220 nm
2.2 m
Figure 4.2 AFM image of ramdonly distributed NWs around a mark on the HOPG surface. 
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4.2 Visible Raman scattering in single GaN NWs 
Due to the statistical fluctuations of the dimensions of these NWs, a lot of care 
has to be taken to ensure definitely the results and their reproducibility. We thus have 
taken extensive series of visible Raman measurements on single NWs of different 
sizes. The NWs were excited by a laser diode emitting at 532 nm and analyzed with 
an Xplora Jobin Yvon micro-Raman spectrometer. The localization of the NWs was 
achieved by a high resolution piezoelectric stage (PI) which enables accurate and 
reproducible positioning. A high numerical aperture microscope objective (x100, 0.9 
N.A.) providing a spot size of approximately 500nm was used to collect backscattered 
light. The excitation power reaching the sample was usually reduced to 5mW to avoid 
laser heating effects. The confocal pin-hole has been limited to 100 m for surface 
selection of the Raman scattering. We have selected and systematically investigated 6 
representative NWs because their aspect ratio (length/diameter) varies over a 
relatively wide range (from 10 to 17.5). Their characteristic dimensions are listed in 
table 4.1. 
 
 L (m) D (nm) AR=L/D 
NW1 2.2 220 10 
NW2 1.6 145 11.03 
NW3 1.45 110 13.18 
NW4 1.67 105 15.9 
NW5 1 60 16.66 
NW6 1.4 80 17.5 
 
 
4.2.1 Raman measurements on single GaN NWs 
Since the diameters of single NWs that we analyzed are generally much smaller 
than the laser spot size, the Raman signal from such narrow NWs is very weak. We 
have to make sure that the NW is located in the center of the light focus to obtain 
strong signals. Thus a Raman line mapping was carefully recorded for each NW by 
scanning the NWs with the PI stage. Figure 4.4 shows the Raman spectrum of NW2 
recorded in ܺሺܼ, ܼሻ തܺ polarization. We can see a very high intensity peak located at 
531 cm-1 attributed to the A1(TO) mode and the presence of a shoulder on the high 
frequency side. These points will be analyzed afterward. The inset in figure 4.4 shows 
the Raman intensity profile along the line perpendicular to the ܿ-axis. The spectra 
were recorded with a 200 nm step which is in agreement with a 500 nm diffraction 
limited laser spot size. In fact, the spectrum of NW2 in figure 4.4 is the one of highest 
intensity. For the NWs listed in Table 4.1, we have recorded backscattering Raman 
spectra under the polarization configurations ܺሺܼ, ܼሻ തܺ , ܺሺܻ, ܼሻ തܺ , ܺሺܻ, ܻሻ തܺ , 
Table 4.1. NWs listed in the order of increasing aspect ratio and their dimensions 
as determined by AFM. 
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ܺሺܼ, ܻሻ തܺ in each scanning position. From now, all the presented spectra correspond 
to the spectra recorded at the positions with highest Raman intensity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To study the phonon properties of single NWs where the diameters are much 
Figure 4.4. Raman line mapping across single NW2 in the ܺሺܼ, ܼሻ തܺ configuration. The 
spectrum corresponds to that recorded with highest Raman intensity. 
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Figure 4.5. Backscattering Raman spectra recorded from NW1in different polarizations. 
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smaller than wavelength of the excitation light and to see how their finite size and 
large aspect ratio affect their vibrational properties, we firstly investigated the Raman 
selection rules. The spectra measured in different polarization geometries for NW1 
(220 nm in diameter) are shown in figure 4.5. The Raman peaks were observed at 531 
cm-1 for A1(TO), 558 cm-1 for E1(TO) and 567 cm-1 for E2, in agreement with first 
order scattering from the bulk GaN (see figure 2.9). As in the case of NWs ensemble, 
there is always a leak of QLO in the Raman scattering. However, we see a strong 
difference scattering efficiency between the polarizations ܺሺܻ, ܼሻ തܺ and ܺሺܼ, ܻሻ തܺ 
in single NWs, whereas it is identical for these 2 configurations in the bulk. This 
suggests that the Raman scattering is strongly suppressed when the electric field of 
scattered light is perpendicular to the NWs ܿ -axis. The breakdown of Raman 
selection rules begins to appear in big NWs. To further confirm this prediction, we 
compared with smaller NWs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In figure 4.6, we show the Raman scattering from the smaller NW6 recorded in 3 
different polarizations. The Raman intensity falls down for the ܺሺܻ, ܼሻ തܺ  and 
ܺሺܻ, ܻሻ തܺ polarizations and only the A1(TO) mode can be observed for ܺሺܼ, ܼሻ തܺ 
polarization. In fact, from the NW3 (110nm in diameter), i.e. when the diameter is 
less than 110 nm, the Raman intensity is strongly reduced for the polarization 
direction perpendicular to NWs axis. This highly polarized Raman scattering was also 
reported by Schäfer-Nolte et al. [13] for NWs with a diameter smaller than 100nm. 
Moreover, Xiong et al. [10] also observed the dipolar scattering for NWs with 
diameter smaller than ߣ௘௫௖ /4 (133 nm).  
To better understand this polarized scattering from single NWs, we rotated the 
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Figure 4.6.Backscattering Raman spectra recorded from NW6 in different polarizations. 
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NW under laser excitation and recorded Raman spectra in four polarization 
configurations. Since the electric field of incident and scattered light are polarized 
only in x- or z- coordinates of the stage (see figure 4.7), the angle  between the ݖ- 
coordinate (stage) and the NWs ܿ-axis was changed by rotating the stage. Notice that 
the notation ܺሺܼ, ܻሻ തܺ here means the electric field of incident light along the z- 
coordinate of stage and that of scattered light along the y- coordinate of stage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We measured NW1 and NW2 with  of 0°, 30° and 45°, in different polarization 
configurations. As observed for the other NWs, the Raman signal disappears when the 
NWs scattering cross section decreases except in the ܺሺܼ, ܼሻ തܺ polarization. If the 
NWs orientation is along the laser polarization (i.e. 0°), the Raman spectra from 
both NW1 and NW2 exhibit a pronounced A1(TO) in ܺሺܼ, ܼሻ തܺ with respect to that 
in other polarizations. When the NWs are oriented in 30° and 45° directions, the 
allowed modes emerge because their polarization components are along or 
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Figure 4.7. Raman spectra of NW1 and NW2 measured in different polarizations for 
=0°, 30° and 45°. The (a), (b), (c), (d) represent XሺZ, ZሻXഥ, XሺY, ZሻXഥ, XሺY, YሻXഥ and 
XሺZ, YሻXഥ, respectively. Here in the polarization notations, Z- and Y- refer to the stage 
coordinates and scattering geometry shown in the inset. 
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perpendicular to the NWs. We analyzed the intensity of A1(TO) mode recorded with 
both polarizations of incident and scattered light parallel to z-coordinate. We calculate 
the Raman shape area of the A1(TO) mode to represent their intensities. These 
intensities listed in table 4.2 clearly decrease but do not follow the classic dipolar 
pattern for the scattered intensity, ܫ~ܫ଴ܿ݋ݏଶߠ. Furthermore, we have also collected 
background Raman spectra directly from the graphite substrate for each angle. The 
scattering from the graphite surface appears to be homogeneous. Thus the observed 
Raman intensity of A1(TO) indicates that the Raman spectra are governed by the NW 
shape rather than by the selection rule associated with angle dependant Raman tensor. 
This is so-called Raman shape effect. The high anisotropy of 1D shape NWs results in 
the enhanced scattering responding to radiation polarized parallel to the NWs axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to see the effect of size and aspect ratio, we compared the Raman 
Angle   ࡵ~ࡵ૙ࢉ࢕࢙૛ࣂ  NW1  NW2 
0°  ܫ଴  6.98· 10ହ  7.21· 10ହ 
30°  0.75ܫ଴  3.43· 10ହ  1.13· 10ହ 
45°  0.5ܫ଴  1.49· 10ହ  4.89· 10ସ 
Table 4.2. Calculated Raman lineshape area values of the A1(TO) peak recorded in 
XሺZ, ZሻXഥ polarization, with 60s light excitation.  
Figure 4.8. Raman spectra of the 6 different single NWs recorded in the XሺZ, ZሻXഥ 
polarization. The spectra have been shifted vertically for clarity. The inset shows the 
normalized intensity of the A1(TO) peak versus the NWs diameter. 
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spectra of A1(TO) mode recorded in the ܺሺܼ, ܼሻ തܺ polarization from NW1 to NW6, 
as shown in figure 4.8. The Raman intensity is expected to decrease when decreasing 
NW size (i.e. decreasing scattering volume). In fact, it has to be mentioned that the 
A1(TO) Raman intensity scattered by the NW is tremendously high. The absolute 
Raman intensity is only half the intensity measured on a GaN reference layer which 
has a much larger scattering volume than a single GaN NW. Although the interference 
between the reflected light by the graphite surface and the incident light can enhance 
the Raman scattering, it would only lead to an enhancement of a factor 4 in maximum. 
Moreover, as shown in the inset of figure 4.8, the normalized Raman intensity of 
A1(TO) as a function of NWs diameter do not have a monotonic variation trend. The 
fact that a single NW produces such a strong Raman scattering and non-monotonic 
intensity variation can be attributed to a possible optical cavity effect as GaN is a 
transparent material at the excitation wavelength (532nm). Such a cavity effect (also 
called antenna effect) has already been reported for both absorption [17], Rayleigh [17, 
18] and Raman scattering in GaP NWs [19] and in Si nanocones [20, 21]. Raman 
resonance quality factors as high as 15000 have also been achieved in the case of GaP 
NWs [22].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Furthermore，we have noticed the asymmetry of A1(TO) mode and the presence 
of a shoulder on the high frequency side from all the NWs spectra. Although the 
presence of this shoulder is not evident in the spectra of NW5 and NW6 due to the 
weaker scattered intensity (see figure 4.8), we have fitted all the spectra and extracted 
their frequencies using a deconvolution based on lorentzian functions. Besides the 
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Figure 4.9. Comparison between the Raman spectra of the NW1 and of bulk GaN recorded in 
both XሺZ, ZሻXഥ and XሺY, ZሻXഥ polarizations. Apart from the allowed LO and TO modes, two 
peaks at 678 cm-1 and 715 cm-1 are observed in NW1 spectrum. 
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appearance of this unusual shoulder for all the NWs, we also noticed some additional 
Raman peaks recorded from the biggest NW1 in the ܺሺܼ, ܼሻ തܺ  and ܺሺܻ, ܼሻ തܺ 
polarizations. They are shown in figure 4.9 and have not been observed in bulk GaN. 
These peaks located at 678 cm-1 and 715 cm-1 will be analyzed later. 
4.2.2 Theoretical simulation of size and aspect ratio effects 
To understand the origin of the shoulder observed on the high frequency side of 
the A1(TO) peak and the new modes at 678 cm-1 and 715 cm-1, we have performed 
some calculations. Since GaN is an heteropolar semiconductor, the longitudinal 
optical phonons with atomic displacements parallel to the phonon wave vector are 
accompanied by a macroscopic electric field, which can be obtained by solving 
Maxwell equations with the appropriate boundary conditions. Therefore we used a 
numerical simulation based on discrete-dipole approximation (DDA) model [23, 24]. 
DDA is a flexible and powerful numerical technique which allows to calculate 
scattering and absorption from targets with arbitrary geometries. By dividing the 
target into a finite array of point dipole consistent with the dielectric function of the 
macroscopic material, the interaction between the incident electromagnetic wave and 
the target can be solved accurately[24]. The dipoles interact with each other via their 
electric fields. Thus DDA is sometimes referred to as the “coupled dipole 
approximation” [23]. The calculation software package is available as “free-ware” [24] 
and has been developed by Prof. B.T. Draine (Princeton University) and Prof. P. J. 
Flatau (University of California and San Diego). The DDA code can be used to 
calculate the electromagnetic scattering in any direction, the effective extinction cross 
section as well as the internal and surface electric or magnetic fields that are the 
response to the incident wave. 
It should be pointed out that the DDA calculations do not predict directly the 
Raman scattering efficiencies. However, the extinction of incident light contributes to 
light scattering when light penetrates and couples into the NWs. Thus the extinction 
cross section can be seen as a reflection of Raman scattering efficiency and it allows 
for determining the electromagnetic field associated to each vibrational mode, where 
the Fröhlich electron-phonon interaction and related Raman scattering take place. The 
interdipoles distance was made sufficiently small (0.8 nm) to ensure the full 
convergence of the calculations. Incident light is circularly polarized to excite both 
longitudinal and transverse phonon modes and the entire NW is illuminated by an 
infinitely wide plane wave. However, note that in the Raman experiments, the 
incident light was focused onto a ~1 m spot on the NWs. Furthermore, we have 
found that the calculated extinction spectra depend only on the aspect ratio parameter. 
Therefore, we defined the cylindrical wire with the same aspect ratio to describe the 
real NWs and yet limited their length below 500 nm in order to reduce the 
computation time. 
The extinction spectra simulated for the various aspect ratios of four measured 
NWs are displayed in figure 4.10. The frequency of the dominant peak is around 541 
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cm-1 for AR=17.5 and increases up to 549 cm-1 for AR=11. It is clearly larger than the 
A1(TO) phonon frequency (531 cm-1). On the contrary, the peak located at 716 cm-1 is 
independent of the aspect ratio. Furthermore, there are some weak modes between 
these two main spectral features. Their frequencies strongly depend on the aspect ratio. 
In order to visualize the weak vibrational modes in the spectra, the signal is enlarged 
by a factor of 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We simulated the extinction spectra with an incident light either parallel or 
perpendicular to the NWs axis (which corresponds to the crystal ܿ-axis). Figure 4.11 
shows the polarized extinction spectra for AR=10. When the incident electric field is 
parallel to the NW long axis, we can get a peak of highest intensity at 552.5 cm-1. 
When the incident electric field is perpendicular to the NW long axis, only the peak at 
716 cm-1 is visible which do not depend on the aspect ratio. In addition, with the DDA 
model, we can analyze the electric field distribution for each mode. In order to 
identify the feature of each peak in figure 4.10 and understand their dependence on 
the NW aspect ratio, we thus simulated the electric field intensity maps for each peak 
of the extinction spectrum corresponding to AR=11 as shown in Figure 4.12. There 
are two types of phonon modes: i) Confined modes with electric field intensity 
localized inside the GaN NW, i.e the modes at 549 cm-1 and 609 cm-1. ii) Surface 
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Figure 4.10. Optical extinction spectra of a GaN NW simulated using the DDA method. The 
incident light is circularly polarized in the plane containing the NW. The aspect ratios 
correspond to those of NW2, NW3, NW4 and NW6. In the simulations, the GaN NW is 40 
nm wide and its length has been adjusted to the desired AR. The plots above 568 cm-1 are 
magnified by a factor of 10 for clarity. Vertical dashed lined indicated the frequencies of 
A1(TO) and A1(LO) phonons. 
A1 (TO) A1 (LO) 
ൈ ૚૙
ൈ ૚૙
ൈ ૚૙
ൈ ૚૙
AR=11 
AR=13.2 
AR=15.9 
AR=17.5 
  Centre d’Elaboration des Matériaux et d’Etudes Structurales   
93 
 
modes with electric field intensity maxima at the surface of the GaN NW, such as 645 
cm-1, 665 cm-1 and 716 cm-1. Moreover, these modes have different polarized 
behaviors: only the surface mode at 716 cm-1 is transverse, i.e., excited with incident 
polarization perpendicular to the NW ܿ-axis. However, the other confined and surface 
modes are longitudinal modes since they come out only for polarizations parallel to 
the NW long axis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on these simulations we tentatively ascribe the shoulder observed on the 
high frequency side of the A1(TO) mode (figures 4.4 and 4.8) to the fundamental 
longitudinal confined mode (see figure 4.12). For AR=11, this mode is expected at 
549 cm-1 which is 18 cm-1 above the A1(TO) mode. However, the line width of the 
A1(TO) mode is around 15 cm-1, which forbids the observation of the confined mode 
as a distinct peak. For larger aspect ratios, this confined mode is responsible for the 
high frequency asymmetry of the A1(TO) Raman lineshape. We compared the 
frequencies ߱௦ of A1(TO) shoulder in Table 4.3 extracted by a fitting procedure to 
the frequencies ߱஽஽஺ of the fundamental confined mode calculated for different 
NWs aspect ratios. First of all, we notice a systematic shift of a few wavenumbers 
between ߱௦ and ߱஽஽஺ which can be ascribed to the possible heating of the NW 
under laser irradiation. Moreover, the limited accuracy of the fitting procedure may 
account for the difference between ߱௦ and ߱஽஽஺. It should be mentioned that in the 
DDA calculation we assume a free standing NW whereas the Raman measurements 
were performed on single NWs deposited on a graphite surface. This semi-metallic 
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Figure 4.11. Simulated polarized extinction spectra for AR=10 (40nm diameter, 400 nm 
length), where צ and ٣ refer to the direction of incident electric field relative to the NW 
axis. 
552.5 
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substrate introduces a dipole image that may affect the phonon mode frequencies. In 
particular, the dependence of the confined mode on the aspect ratio could be 
attenuated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An alternative interpretation for the shoulder on the high frequency side of the 
A1(TO) phonon Raman peak could be the activation of quasi-TO phonons in the 
ܺሺܼ, ܼሻ തܺ configuration. The observation of such phonon modes in the Raman spectra 
of GaN nanocolumns has already been reported by S. Mitsui et al [25]. Indeed, due to 
the large numerical aperture of the focusing objective, photons incoming at large 
angles (marginal rays) activate TO phonons with both axial and planar components 
(respectively of A1 and E1 symmetry). The latter are labeled quasi-TO phonons and 
come out in the A1(TO) − E1(TO) frequency range for incident (and scattered) 
polarizations along the NW ܿ-axis (ܺሺܼ, ܼሻ തܺ). Moreover, in the data reported by S. 
Mitsui et al, not only A1(TO) but also E1(TO) and E2 phonons are observed due to the 
large size of the NWs (diameter in the range 0.5 μm−1 μm). Comparatively, in our 
NWs with smaller diameters and strong anisotropic shapes, only A1(TO) phonon 
Figure 4.12. DDA electric field intensity |ܧ ܧ଴⁄ |ଶ maps generated at the frequencies of the 
phonon peaks observed in the extinction spectra (Figure 4.10). The arrows indicate the 
polarization of the incident electric field. The size of each map is 70݊݉ ൈ 500 ݊݉. The 
shape of the modeled NW is presented in the upper left part of the figure. Its dimension is 
40݊݉ ൈ 440 ݊݉ corresponding to AR=11. 
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scattering is observed. 
 
 ߱௦ (cm-1) ߱஽஽஺ (cm-1) Δ߱
ω  
NW1 544.1േ0.5 552.3േ0.2 1.52% 
NW2 543.8േ0.5 549.7േ0.2 1.23% 
NW3 543.7േ0.5 546േ0.2 0.55% 
NW4 543.2േ0.5 542.6േ0.2 0.07% 
NW6 543.9േ0.5 541.5േ0.2 0.03% 
 
 
 
 
According to the DDA calculations, the Raman peak observed at 715 cm-1 in the 
ܺሺ ܻ , ܼሻ തܺ and ܺሺ ܼ , ܼሻ തܺ polarizations in figure 4.9 corresponds to the transverse 
surface phonon mode calculated at 716 cm-1 in figure 4.10. Thus we confidently 
ascribe the 715 cm-1 Raman peak to transverse surface phonon mode of the NWs. As 
simulated for S2 peak in chapter 3 (see figure 3.15), this surface mode can also be 
obtained by the effective dielectric model when the filling factor tends to 0, i.e. for a 
single NW. The observation of this mode in single GaN NWs is here reported for the 
first time. Maxima of the electric field intensity are localized at the NWs surface for 
this transverse mode. As predicted by the dielectric continuum theory, it is very 
sensitive to the surrounding medium. Here, contrary to vertically standing NWs, a 
large part of the GaN surface is in close contact with the graphite substrate. Moreover, 
the graphite is a conductor and sustains Plasmon mode. Hence, the substrate may be 
responsible for a partial screening of the surface phonon electric field and a reduction 
of the Raman scattering efficiency. 
In addition, a large band can be observed in the Raman spectrum of the graphite 
substrate in ܺሺܼ, ܼሻ തܺ  polarization. It made the confusion for assignment of the 
Raman peak observed at 678 cm-1 (see figure 4.9). However, we have identified it in 
the crossed polarization, i.e. ܺሺܻ, ܼሻ തܺ geometry, since the scattering from graphite 
substrate in this polarization is relative flat. According to the DDA simulations 
performed for AR=11, a longitudinal surface phonon mode is expected at 665 cm-1 
(figure 4.12). Therefore we assigned this mode to a longitudinal surface phonon mode. 
Actually, for AR=10 (the case of NW1) this mode is slightly shifted to 670 cm-1 which 
is in reasonable agreement with the 675 cm-1 Raman peak frequency.  
    Of course, the DDA simulations cannot fully account for the vibrational 
dynamics of GaN NWs since it treats only the electromagnetic part carried by the 
polar optical phonons. The atomic displacements and related boundary conditions (i.e. 
phonon confinement mechanism) are not taken into account. Such effects may 
strongly impact the electromagnetic field distribution and related Raman scattering 
intensity and lead to strong differences between observed Raman peak intensities and 
predicted extinction spectra.  
Table 4.3. Comparison between calculated and extracted frequencies of the shoulder 
observed on the high frequency side of the A1(TO) mode. 
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4.3 UV Raman scattering in a single GaN and GaN/AlN NWs 
We have also analyzed individual NWs by resonant micro-Raman spectroscopy 
near the energy band gap ܧ௚ owing to the high sensitivity of the Raman scattering by 
longitudinal optical phonon. After a first part devoted to the presentation of Raman 
spectra in GaN NWs, the analysis of the structural properties in single GaN/AlN NWs 
are also discussed in detail.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As mentioned in chapter 3, the strong PL band induced by UV excitation screens 
the Raman signal. Despite the small scattering volume of such nano-objects, we 
lowered the laser power to a few W on the NW to reduce the PL band and extended 
the exposure time to obtain a good Raman signal. Spectra from single GaN NWs 
excited by 351nm line in ܺሺ_ , _ሻ തܺ configuration are shown in figure 4.13, which 
have been normalized to the acquisition time and shifted vertically for clarity. In this 
configuration, A1(TO), E1(TO) and E2 are symmetry allowed. However, due to the 
resonant scattering, these modes usually dominant in non resonant first order 
scattering no longer appear. On the contrary, scattering by the polar first order QLO 
and second-order QLO phonon are clearly observed at 738 cm-1 and 1474 cm-1, 
respectively. Actually, the QLO mode here refers to LO phonon with quasi-E1 
symmetry and is generally observed in non resonant Raman scattering spectra 
recorded in the ܺሺܼ , ܼሻ തܺ configuration [26]. A weak contribution of A1 symmetry 
tensor is generally admitted because of an admixture of a small A1 component due to 
the large numerical aperture of the objective. From the observation of 1LO and 2LO 
phonons, we can thus deduce the fact that the characterization of structural and optical 
properties in single NWs can be investigated with UV resonant excitation instead of 
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Figure 4.13. UV Raman spectra taken from NW2 and NW6. Both first order QLO and 
second order 2QLO phonon modes are clearly observed. 
NW2 
NW6 
QLO
2QLO 
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visible excitation. 
Now we center our attention on the single GaN/AlN NWs. During the growth of 
GaN/AlN NWs, the reduced diffusion length of Al-atoms compared to that of 
Ga-atoms and their enhanced probability of incorporation on the NWs sides result in 
the growth of a thin AlN shell around the GaN insertions [27]. These NWs grown by 
PA-MBE have been dispersed on silicon substrate using the same wet dispersion 
method. An array of geometrical marks has been also ion-milled on the silicon 
substrate to precisely locate single NWs. The NWs average length is 1.2 ߤ݉ and 
their typical diameter is in the 45-90 nm range. The 500 nm part of GaN NW of 
approximately 500 nm (Si doped, ݊~2. 10ଵଽ ܿ݉ିଷ) is covered by an AlN shell 
whereas the top part (~500 nm) has a free lateral surface. The middle of the NW is 
constituted by a twenty-period AlN (3nm)/GaN (5nm) multiquantum-disc (QDisc) 
structure. 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The morphological characteristics of single core/shell GaN/AlN NWs has been 
analyzed by means of scanning electron microscopy in transmission mode (STEM). 
Figure 4.14 shows STEM images of a representative GaN/AlN NW. The AlN shell 
covering the whole Qdisc region and the bottom part of GaN NW can be clearly seen. 
We labeled (A) the region with AlN shell and (B) the region without AlN shell on the 
top part. From the STEM analysis, the average thickness of AlN shell was estimated 
to be 5-10 nm.  
Due to the high polarized Raman scattering in single GaN NW as discussed 
before, we measured the Raman spectra from single GaN/AlN NW under the 
ܺሺܼ , ܼሻ തܺ configuration. The Raman measurements taken from the two different 
regions (A) and (B) of the NW are shown in figure 4.15. It has to be mentioned that 
the focused laser spot size is estimated to be ~500 nm and precisely positioning of the 
NW in this laser spot has been achieved by the high stability of XY piezo stage. The 
spectral features at 520 cm-1 can be assigned to the silicon substrate. Moreover, there 
Figure 4.14. (a) Sketch of the core-shell structure of the GaN/AlN NW. (b) Dark field STEM 
image showing the GaN/AlN quantum disk grown on the GaN NW Base and the thin AlN 
shell surrounding the Qdisc region and the NW base part.  
(B) (A) 
(Top) (Bottom) 
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is no Raman signal scattered from the GaN/AlN Qdisc in the spectra due to their 
small scattering volume. It is well known that the frequency of the polar LO mode is 
sensitive to both strain and free charge density. Here, we can ignore the 
electron-phonon effect and analyze the strain qualitatively within the same NW due to 
the same doping.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comparing to the frequency of QLO mode in figure 4.13, the QLO mode from 
the region (B) with frequency at 738 cm-1 reveals a strain free system. The Raman 
blue shift (+9 cm-1) of QLO mode observed in region (A) suggests that the probed 
area of the GaN NW is under compressive strain. This frequency shift is even more 
obvious on the second-order Raman scattering (2QLO mode) and found to be twice of 
the first-order mode, i.e. 17 cm-1. The strain difference in these two parts can be also 
reflected by the NBE PL band. The NBE PL band of spectrum (A) centered at 3.45 eV 
is broader and located at +30 meV higher energy than that of spectrum (B) at 3.42 eV. 
Furthermore, the intensity ratio ܫொ௅ை/ܫଶொ௅ை  calculated from their integrated peak 
intensities evolves from 1.73 in strain free region (B) to 5.73 in the strained area (A). 
This experimental observation can be interpreted by the resonance effects during the 
scattering process. As we can see in figure 4.15, resonance at the emitted photon 
(out-going resonance) in (B) spectrum is located between the first and the second 
order scattering and consequently does not favor any scattering order. For (A) 
spectrum, due to compressive strain, the higher energy of electronic transitions leads 
to the fact that the energy between the incident and emitted photons is below the first 
order scattering energy. Thus resonance at the incident photon (in-coming resonance) 
is improved. It strongly favors the first order scattering in (A) spectrum. This very 
high sensitivity gives evidence for the acuity of the resonance since third order 
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Figure 4.15. Raman spectra of the same GaN NW recorded from the two different regions of 
the NW labeled (A) and (B) in figure 4.14. Note that the (A) spectrum signal-to-noise ratio is 
lower than the (B) spectrum. Inset: Enlarged view of the QLO phonon spectral region. 
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scattering has never been observed in our experiments. 
4.4 Conclusion 
In this chapter, we focused on the investigation of vibtraional properties of single 
GaN NWs as a function of their aspect ratio and on the structural analysis of single 
GaN/AlN NW.  
First, we investigated the Raman scattering properties in single GaN NWs with 
various diameters and aspect ratios using micro-Raman spectroscopy. The 
investigation indicated that the Raman intensity and selection rules are strongly 
affected by the NW diameter. A transition from bulk-like Raman selection rules to 
strongly polarized Raman scattering has been observed. This transition occurs for NW 
diameter between 100 and 150 nm. From the angle-dependant Raman intensity, the 
highly polarized Raman scattering is associated to not only the Raman selection 
tensors but also to a possible shape effect. Moreover, we found that the Raman 
scattering by A1(TO) phonons of single NW is as intense as the one measured from 
bulk GaN. This is attributed to an optical cavity effect which is responsible for a 
strong Raman scattering enhancement via photonic resonances as already reported for 
other semiconductor NWs. As to the shoulder of A1(TO) in the TO-LO phonon 
frequency range, they were attributed to confined and surface phonons thanks to the 
numerical simulations of the optical extinction spectra and associated electrical field 
intensity maps. This observation of surface phonons in single NWs is particularly 
interesting for potential applications in biochemical sensing. 
Then, the single core/shell GaN NWs have been investigated by UV resonant 
Raman scattering. By measuring the UV resonant Raman scattering spectra, we found 
a different strain state in two different segments of a single NW. The strong blue shift 
of the QLO phonon frequency from the part covered by an AlN shell indicated a 
compressive axial strain whereas the top part of the NW is strain free system. 
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Chapter 5 Study of strain in GaN epitaxy grown on silicon by 
Raman spectroscopy and finite element method 
5.1 Introduction 
In this chapter, we will study the strain in GaN heteroepitaxy grown on silicon 
substrate by Raman measurement and the theoretical simulation of strain distribution 
by finite element method.  
As introduced in chapter 1, III-nitride semiconductors (GaN, AlN etc.) have 
become important for their huge potential in electronic and optoelectronic 
applications. However, the lack of lattice matched substrate limits their development. 
Actually, GaN epitaxy can be grown on sapphire or SiC substrates. But these 
substrates are relatively expensive and difficult to cleave and etch. Considering the 
low cost, the large size availability and the compatibility of present technology, GaN 
are still mostly grown on silicon substrate. This arises another problem that a large 
number of defects in the epitaxy can be caused by their large lattice mismatch (17%) 
and large thermal expansion coefficients mismatch (~56%) between silicon substrate 
and GaN. In order to reduce the strain and obtain a good quality of GaN heteroepitaxy, 
we can use new nanostructures such as the strain free NWs structure that we have 
discussed previously. Moreover, we can take the advantage of AlN buffer layer [1, 2], 
AlN/GaN superlattice interlayers [3] and patterned silicon substrate [4]. In this work, 
we mainly deal with the thick GaN layer where the residual strain has been released 
by the growth on the patterned silicon substrate. In the first part 5.2, we measured the 
Raman scattering from the GaN epilayer and investigated the influence of different 
sizes, thickness of GaN mesa and trench height of pattern silicon on the strain 
distribution. The strain/stress field distribution modeled within the framework of 
linear elasticity theory (the stress and strain tensors are linearly related via the 
elasticity tensors) using finite element method will be introduced in the part 5.3. We 
use the principle of “thermal connection” to simulate the epitaxial growth on the 
silicon substrate. 
5.2 Raman characterization of GaN layer 
5.2.1 Description of sample 
The crack free GaN layers of 12 m thick were grown by MOCVD on the arrays 
of different sizes of the patterned Si(110) substrate, provided by CRHEA/CNRS 
laboratory. The substrates are patterned by UV lithography followed by an anisotropic 
wet etching. In order to facilitate the alignment with respect to the wafer and achieve 
flat and smooth sidewalls, the patterns were etched to lozenge shapes with angles of 
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~70° and ~110° (see figure 5.1a). The lengths of the lozenge are 50m, 100m, 200 
m and 400 m. The height of Si pattern varies with 5m, 10m and 15m. Before 
the growth of thick GaN layer, a 200 nm AlN buffer layer was grown at 1150 °C 
temperature, 1m GaN was grown at 1000°C, and another 20 nm thin AlN interlayer 
was grown at 950 °C in order to compensate the tensile strain in the top GaN layer. 
The stacking layers of our samples are shown in figure 5.1b. Further detail about these 
samples can be found anywhere [2].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2.2 Strain effect on phonon modes 
The phonon frequencies of material depend on the atomic bond and their 
structures. Due to the difference of lattice constant and thermal expansion coefficient 
between the GaN and silicon, the bond length and angle will be changed while 
cooling down from growth temperature to room temperature. The changes in stress 
and strain can be indirectly reflected by the shift of the phonon frequencies. Thus 
Raman measurements of the phonon frequencies are often used to measure the stress 
and strain. The linear relation of the phonon frequencies shift with the stress or strain 
can be expressed by phonon deformation potentials. These potentials in hexagonal 
GaN have been theoretically calculated [5] and determined experimentally from 
Raman measurements by F. Demangeot [6, 7] on samples of known stress or strain 
(determined by other techniques such as x-ray diffraction). We made ߝ௫௫ ൌ ߝ௬௬ in 
the biaxial approximation. By measuring the frequency shift of a phonon mode, the 
strain can be obtained by the equation (5.1): 
∆߱ఒ ൌ ߱ఒ െ ߱଴ ൌ ܽఒߝ௫௫ ൅ ܽఒߝ௬௬ ൅ ఒܾߝ௭௭ ൌ 2ܽఒߝ௫௫ ൅ ఒܾߝ௭௭,  (5.1) 
Here a஛ and b஛ are corresponding deformation potentials. Their values are shown 
in table 5.1. ߱଴ corresponds to the frequency of phonon mode in strain free material. 
It is emphasized that the frequency shift in the Raman measurements is related to the 
70° 
110° 
(110) 
[110] 
Si substrate 
Si pattern 
200 nm AlN
1m GaN 
20nm AlN 
12m GaN 
Figure 5.1 (a) The top view schema of lozenge array of GaN layer on Si(110) substrate. 
(b) The stacking view of the epitaxial layer on patterned substrate. 
(a) (b) 
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measuring strain of these three components. 
 
 
 
 
 
 
 
According to Hook’s law and linear elasticity theory, the relation between the 
stress and strain can be described via elastic constants tensors by the equation (5.2): 
ߪ௜௝ ൌ ܥ௜௝௞௟ߝ௞௟,                                                 (5.2) 
where ߪ௜௝ , ߝ௞௟  and ܥ௜௝௞௟  are the stress, strain, and elastic constants tensors, 
respectively. Considering the symmetry of hexagonal WZ structure and using the 
Voigt notation, one can reduce the indexes in (5.3): 
ߪI ൌ ܥூ௃ߝ௃, (where ܫ, ܬ ൌ1, 2, 3, 4, 5, 6)                              (5.3) 
and the elastic constants tensors become: 
ܥூ௃ ൌ
ۏ
ێ
ێ
ێ
ێ
ۍܥଵଵ ܥଵଶ ܥଵଷܥଶଵ ܥଶଶ ܥଶଷܥଷଵ ܥଷଶ ܥଷଷ
 0    0    0
0   0    0
0   0    0
 0     0    0
0    0    0
0    0    0
ܥସସ  0 0  0 ܥହହ 0 0 0 ܥ଺଺ے
ۑ
ۑ
ۑ
ۑ
ې
,                            (5.4) 
here, ܥଶଵ ൌ ܥଵଶ , ܥଷଵ ൌ ܥଵଷ ൌ ܥଷଶ ൌ ܥଶଷ ,  ܥଶଶ ൌ ܥଵଵ , ܥହହ ൌ ܥସସ , and 
ܥ଺଺ ൌ ஼భభି஼భమଶ . 
In the follow, we take use of the spatial directions x, y and z by replacing the indexes 
in the following way: 1՜x, 2՜y and 3՜z. For the stress characterization by Raman 
measurement, the shear strain tensors can be neglected, i.e. εIJ ൌ 0 when I ് J. So 
the equation (5.3) can be given by: 
൥
ߪ௫௫ߪ௬௬ߪ௭௭
൩ ൌ ൥
ܥଵଵ ܥଵଶ ܥଵଷܥଵଶ ܥଵଵ ܥଵଷܥଵଷ ܥଵଷ ܥଷଷ
൩ ൥
ߝ௫௫ߝ௬௬ߝ௭௭
൩,                                   (5.5) 
The value of elastic constants for GaN and AlN are given in table (5.2). 
 
 
 
 
 
 
In fact, when considering Raman measurements, there is an important 
approximation: biaxial stress in the plane normal to the ܿ-axis. Within the biaxial 
approximation, the strain is isotropic in the plane perpendicular to the ܿ-axis, i.e. 
ߝ௫௫ ൌ ߝ௬௬ . The stress in the ܿ -axis ߪ௭௭ ൌ 0 . Thus we can get the relation as 
 ܽఒ[7] (cm-1) ఒܾ[7] (cm-1) ܽఒ[8] (cm-1) ఒܾ[8] (cm-1) 
E2 -850േ177 -963േ220 -742 -715 
A1(LO) -782േ174 -1181േ245 -664 -881 
 ܥଵଵ(GPa) ܥଵଶ(GPa) ܥଵଷ(GPa) ܥଷଷ(GPa) ܥସସ(GPa) 
GaN 390 േ 15[9] 145േ20 106േ20 398േ20 105േ10 
AlN 410േ10[9] 149േ10 99േ4 389േ10 125േ5 
Table 5.1 Phonon deformation potentials of the E2 and A1(LO) modes in hexagonal GaN 
from Ref. [7] (Experimentally determined) and Ref. [8] (theoretically computed). 
Table 5.2 Elastic constants for wurtzite GaN and AlN from Ref. [9]. 
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ߝ௭௭ ൌ െ ଶ஼భయ஼యయ ߝ௫௫,                                                 (5.6) 
By substituting Eq. (5.6) into Eq.(5.1), and using the phonon deformation 
potential for E2 mode and the elastic constants for GaN, we can obtain the strain 
related to the Raman shifts by:  
∆߱ாమ ൌ െ1190ߝ௫௫,                                              (5.7) 
In our case, the stress or strain analysis in the GaN epitaxy takes into account the 
biaxial approximation and the determination of the stress and strain are calculated by 
expression (5.7). 
For hydrostatic stress, ߪ௫௫ ൌ ߪ௬௬ ൌ ߪ௭௭, that is to say 
ܥଵଵߝ௫௫ ൅ ܥଵଶߝ௫௫ ൅ ܥଵଷߝ௭௭ ൌ 2ܥଵଷߝ௫௫ ൅ ܥଷଷߝ௭௭, i.e. ߝ௭௭ ൌ ஼భభା஼భమିଶ஼భయ஼యయష஼భయ ߝ௫௫,    (5.8) 
5.2.3 Raman measurements and results 
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Figure 5.2 Raman spectra of the GaN epitaxial layer (12 m thick) on patterned silicon (110) 
with the size of 400 m ൈ 400 m, scanning from edge to edge. Inset: frequencies evolution of 
the E2 mode in GaN (upper) and Si Raman mode (lower). The dashed lines show the frequencies 
of corresponding phonon mode in strain free (bulk) material. 
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Raman measurements at room temperature were performed in the backscattering 
configuration by using Jobin-Yvon T64000 spectrometer with a 647.1 nm excitation 
line from Ar+ ion laser. A ൈ100 microscope objective was employed (N.A.=0.90). 
The size of laser spot focused on the samples was around 1 m and the output power 
of laser was kept at 50 mW to avoid the heating effect. Due to the long laser 
wavelength and the transparent GaN layer, the light can penetrate and reach to the Si 
substrate. Therefore, the average strain will be analyzed across the whole GaN layers. 
It is pointed out that the characterization of strain by PL measurement can be 
accessible to only hundreds nanometer of the sample. Thus Raman scattering is more 
efficient to probe the strain. It is well known that the frequency of the E2 mode is only 
sensitive to strain, so the changes in frequency are correlated with strain changes in 
the GaN layer. In order to study the stress distribution of thick GaN epitaxial layer 
grown on patterned silicon substrate, we have scanned the mesa with the same 
distance step along the diagonal axes and from one edge to the other. We also 
analyzed the effects of different mesa size, pattern height and layer thickness. 
 
a. Stress distribution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We firstly analyzed the stress distribution on the patterned GaN layer. The 
Raman measurements were taken in ܼሺܺ, ܺሻ ҧܼ polarization on different spots of the 
sample from one edge to the other. Figure 5.2 shows the Raman spectra of a 12m 
thick (400m ൈ400m) crack free GaN mesa scanning from A to B point. The strong 
scattering signal from Si substrate and GaN E2 mode were observed evidently. These 
two peaks have been fitted by Lorentzian function for all the scanned points. The 
evolution of the frequencies has been shown in the inset of figure 5.2. Comparing to 
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Figure 5.3 In-plane strain distribution from one edge to the other. 
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the reference frequency of E2 mode recorded in strain free bulk GaN (566.1 cm-1), a 
red shift for GaN layer phonon mode has been found. We can see that the GaN layer 
undergoes a great tensile stress in the center and it decreases and relaxes gradually to 
the edge. On the contrary, we have found that the Si substrate is under a uniform 
compressive stress according to the frequency recorded in bulk silicon (519.2 cm-1). 
However, it has to mention that, it is totally strain free at the edge which has not been 
reflected in the Raman spectra due to the macroscopic feature of Raman scattering. 
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Figure 5.4 (a) Raman shift of GaN E2 peaks and (b) in plane strain of GaN layer from one edge 
to the other of different mesa of different sizes. The thickness of the mesa is 12m. The dashed 
line shows the reference frequency of E2 mode in strain free GaN bulk. 
(b) 
(a) 
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The strain tensors have been calculated by Raman shift of the E2 phonon mode, 
using Eq.(5.7). In this way, the in-plane strain in GaN layer has been shown in figure 
5.3. It shows a U-shape strain distribution from one edge to the other. Similar U-shape 
in-plane strain distribution has been observed when scanning along the diagonal axis 
from one corner to the other. The maximum strain always takes place at the center of 
mesa around 0.25% while it has 0.05% strain near the edge.  
 
b. Effect of mesa size 
 
In order to analyze the influence of the size on the strain and stress distribution, 
we have performed Raman measurement of E2 mode from the mesa of different sizes 
(50 m, 100m, 200m and 400m) which was shown in figure 5.4. The thickness 
of the mesa is 12 m and the pattern height is 5 m. The same trend of the strain 
distribution was observed independent of mesa size. Furthermore, we can see a red 
shift of E2 peak with the increase in mesa size at the center. It means that the bigger 
the size mesa is, the more tensile they are. The maximum tensile strain occurs at the 
center of 400mm mesa and is found to be 0.223%. However, it has nearly the same 
frequencies at the edge because the free edge helps to release the stress. Thus the 
smaller size mesas are more relaxed than the larger size mesas. It can also explain 
well why there are no stress and strain in the NWs in nanoscale. From figure 5.4(b), 
we can see that the mesas are always under tensile strain except some points near the 
edge of 50 m and 100m mesa. This is due position error during the scanning 
displacement. The calculated strain from Raman measurement indicates that the size 
of the mesa plays an important role to release the stress of the GaN layer. 
 
c. Effect of pattern height 
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Figure 5.5 In plane strain of 200 m ൈ200 m lozenge shape mesa grown on patterned silicon 
of different pattern height (5 m, 10m and 15m). 
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Figure 5.5 shows the calculated in plane strain distribution on the 12 m thick 
GaN mesas (200m length). They were grown on the silicon pattern of 5 m, 10m 
and 15m high with the same growth condition, respectively. We can see the in plane 
strain of the GaN layer are comparable in the sample of 5 m and 10m high pattern. 
The GaN layers on the 5 m and 10m high pattern remain tensile and maximum 
strain (ε୶୶ ൏ 0.2%) occurs at the center, whereas for 15 m high pattern, the GaN 
layer is found more relaxed (ε୶୶ ൏ 0.06%). As we mentioned before, the free edges of 
both GaN layer and silicon pattern help to releasing the stress. Therefore, when the 
thickness of patterned silicon is higher than that of GaN, we can see that the stress or 
strain in the case of 15 m high pattern is significantly released. 
 
d. Effect of layer thickness 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Here we will analyze the effect of the GaN film thickness grown on the 5 m 
thick patterned silicon. We compared only two samples: 1 m and 12 m thick GaN 
mesas. As we can expect from red shift of E2 mode, the in-plane strain in 1 m GaN 
layer is found to be less tensile than that in 12 m GaN layer. We supposed that when 
the pattern height is considerably larger than the GaN layer thickness, the in-plane 
strain of GaN layer decreases greatly. 
5.3 Finite element method (FEM) modeling 
     We have studied the stress and strain of the GaN grown on patterned silicon 
substrate by Raman measurement and found that the mesa size, pattern silicon height 
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Figure 5.6 In plane strain of 100 m ൈ100 m lozenge shape 1m and 12m thick GaN 
layer grown on 5 m patterned silicon. 
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and layer thickness have significant influence on the strain. For a better understanding 
of the experimental data and to evaluate each strain tensors in the GaN layer, we 
simulate in this section the strain by 3D finite element method. To simplify the 
modeling, we ignored the 20 nm AlN/1 m GaN interlayers (see figure 5.1b). The 
patterned silicon/AlN/GaN heterostructure is modeled within the framework of 
continuum linear anisotropic elasticity theory, i.e. the plastic or viscoplastic 
deformation will not be taken into account. In our case, there is no actual physic FEM 
module to solve directly the stress introduced by the different fictitious thermal 
expansion coefficients and different lattice parameters during epitaxial growth. 
Therefore, we couple the “Solid Mechanic module” and “Thermal Expansion Module” 
to model our problem. This is so-called “thermal connection” principle developed 
firstly by L. Durand et al.[10]. 
First, we suppose these two layers of different lattice constant connected in an 
unstressed state at T temperature. For simplicity, the cross section of a simple cubic 
structure layer has been taken for demonstration. In figure 5.7, M1 and M2 represent 
two crystalline materials with n1 and n2 horizontal grids, respectively. d1 and d2 
denote the grid width of M1 and M2 which equal a cell parameter, atoms distance or a 
function of them. The interface is represented by a dotted line. Before epitaxy, the 
atoms of M1 and M2 in figure 5.7(a) are face to face on both sides of the interface, 
supposing n1d1 > n2d2. We consider the first and last atoms are connected on both 
sides of interface. If nଵ ൌ nଶ, there is no mismatch in the interface for our case is 
shown in figure 5.7(b). However, if the dislocation in the interface of heteroepitaxy is 
not ignored, it is easy to realize when calculating the fictitious thermal coefficient by 
nଵ ് nଶ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is supposed that a fictitious temperature variation ∆T is loaded on M1 and M2. 
The distance of n1d1 becomes equal to that of n2d2. The expression is given below: 
ሺ1 ൅ λଵΔTሻnଵdଵ ൌ ሺ1 ൅ λଶΔTሻnଶdଶ,                                   (5.9) 
where λଵ and λଶ are the fictitious coefficients of thermal expansion of M1 and M2 
respectively. 
M1 
M2 
(a) (b) 
d1 
d2 
Figure 5.7. Two layers before connecting (a) and after connecting (b) 
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At the temperature T, we input λଵ ൌ 0 and ΔT ൌ 1°C, the joining of M1 and 
M2 require that λଶ ൌ ୬భୢభି୬మୢమ୬మୢమ ,                                      (5.10) 
Of course, we can get λଵ for M1 by the same way, 
 λଵ ൌ ୬మୢమି୬భୢభ୬భୢభ ,                                              (5.11) 
The accurate strain and stress in the layer that we want require the initial value to 
be zero. Therefore, if we simulate the stain in the GaN layer, the opposite process will 
be taken account. We construct M1 and M2 in the same size n1d1, which means 
without any strain in GaN layer. A temperature drop ΔT ൌ െ1°C will be loaded for 
these two materials. Then, the elastic strain and deformation due to the fictitious 
thermal contraction will be generated on M2. A mechanical strain and deformation 
purely produced by linear elastic theory. Thus, it is important to know the fictitious 
coefficients of thermal expansion to simulate the strain. Considering the different 
crystal structures and epitaxial relationship of the materials, we calculate λ in two 
different directions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To avoid the body rotating, for the boundary conditions we fixed a corner node at 
the bottom face of substrate, defined the displacement of neighbor corner node along 
the x coordinate and fixed the displacement of bottom face against the normal 
direction. Furthermore, the periodicities of the substrate and symmetry have also been 
taken into account in the FEM codes in order to model the influences of the neighbor 
mesas. Elastic constants, temperatures of the initial and final state were used as input 
Figure 5.8 3D mesh of FE model of patterned GaN on silicon substrate before 
deformation. 500m x 500m substrate and periodicity was taken into the simulation. 
To define initial value of deformation, point A was fixed at zero displacement. Point B 
moved only along X direction. The bottom plane had no displacement along Z direction. 
X
Y 
Z 
A
B
Silicon
substrate
Patterned
silicon
Thin AlN
GaN layer
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parameters. A fictitious thermal load was applied to simulate the lattice mismatches in 
the epitaxial interface without considering the mismatches in thermal expansion 
coefficients among the phases in the heterostructure. Room temperature was chosen 
as the reference temperature. The model of this heterostructure is discretized using a 
tetrahedral mesh as shown in figure 5.8.  
5.3.1 Modeling principle 
The calculation is only implemented for GaN layers grown on Si(110). Because 
in this surface orientation, the lattice mismatch is very low in one direction for ܿ-axis 
oriented AlN or GaN growth if it grows with AlN [1-100] צ Si[100]. Moreover, it has 
not been widely investigated for growth on Si(110). Therefore, this modeling of strain 
distribution is based on the Si(110) substrate to compare with the experimental results 
extracted from Raman measurements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a. Crystal structure of Silicon : 
 
    Silicon wafers are described by the crystal orientation of their surface and by the 
location of the wafer flats. According to the Miller indices of crystallography 
conventions, Si(110) substrate means that the surface of the wafer is perpendicular to 
the vector [110] shown in figure 5.9(a). 
Silicon is an anisotropic crystalline material with face centered cubic (FCC) 
symmetry. The Si atoms in primitive cell are arranged in a diamond lattice structure 
with a lattice constant of 5.4307 Å (see figure 5.10). The crystallographic coordinates 
in the primitive cell are: 
ቐ
xଵ ൌ ሾ1,0,0ሿ
yଵ ൌ ሾ0,1,0ሿ
zଵ ൌ ሾ0,0,1ሿ
 ,                                                   (5.12) 
in the epitaxial interface, the geometrical coordinates are described by the following 
The direction 
perpendicular to the 
top surface is the 
[110] direction 
 
[1‐1‐1] 
[‐11‐1] 
[‐110] 
[1‐11] 
[‐111]  [001]  . 
Si [110]
(a) (b)
Figure 5.9. The orientation of Silicon substrate (a) and epitaxial layer mesa (b) 
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unit vectors: 
ۖە
۔
ۖۓx୥ଵ ൌ √ଶଶ ሾെ1,1,0ሿ
y୥ଵ ൌ ሾ0,0,1ሿ
z୥ଵ ൌ √ଶଶ ሾ1,1,0ሿ
,                                                (5.13) 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
The conversion of crystallographic coordinates and geometrical coordinates is 
given by the following expression: 
൥
x୥ଵy୥ଵz୥ଵ
൩ ൌ
ۏ
ێێ
ۍെ √ଶଶ
√ଶ
ଶ 00 0 1
√ଶ
ଶ
√ଶ
ଶ 0ے
ۑۑ
ې
൥
xଵyଵzଵ
൩ ,                                         (5.14) 
or ൥
xଵyଵzଵ
൩ ൌ
ۏ
ێ
ێ
ۍെ √ଶଶ 0
√ଶ
ଶ
√ଶ
ଶ 0
√ଶ
ଶ0 1 0 ے
ۑ
ۑ
ې
൥
x୥ଵy୥ଵz୥ଵ
൩,                                       (5.15) 
The elastic constants matrix describing stress – stain relationship are given 
according to the crystallographic coordinates. Therefore, they should be converted 
under geometrical coordinates system by expression (5.14) during the finite element 
modeling.  
 
b. Crystal structure of GaN: 
 
As mentioned in chapter 2, Gallium nitride has a Wurtzite crystal structure. It can 
be considered as two interpenetrating hexagonal close-packed lattices shown in Figure 
5.11. The orientation of GaN epitaxial layer is described in Figure 5.11(b). The 
(a)  (b) 
Figure 5.10. Silicon diamond structure (a) and crystal orientation of epitaxial interface (b). 
a1 is the silicon lattice constant. 
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crystallographic coordinate Xଶ is taken as geometrical coordinate X୥ଵ and Zଶ is 
taken as Z୥ଵ. According to Cartesian coordinate’s right-handed orientation, the third 
axis Y୥ଵ can be determined in the epitaxial interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c. Epitaxial relationship of GaN on Si (110): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The interface of c-axis oriented (0001) GaN on Si (110) is shown in Figure 5.12. 
We can see the lattice mismatch is very low on silicon (110) orientation. In Figure 
(a)  (b)
a2
Figure 5.11. The wurtzite unit cell (a) and crystal orientation of epitaxial interface (b). Three 
unit cells form a hexagon. ࢇ૛ and c are the GaN lattice constants.  
Figure 5.12 Atomic arrangement of GaN on Si (110) 
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5.12, in X୥ଵ direction of epitaxial interface, the Si-atoms of a distance of 2√2aଵ 
will be attached to Ga- or N- atoms of a distance of 5aଶ. In Y୥ଵ direction, the 
Si-atoms of a distance of aଵ will be attached to Ga- or N-atoms of a distance of 
√3aଶ.  
 
d. “Thermal connection” for the GaN epitaxy 
 
 
 
 
 
 
 
 
 
 
As mentioned before, our elastic calculation with FEM is realized within the 
“Thermal connection” assumption. The strain induced by lattice mismatch will be 
modeled by a thermal load with fictitious expansion coefficients.  Supposing no 
dislocation, we consider these two sides of interface before epitaxial growth at room 
temperature (see figure 5.13) in xg1 direction. Ga-atoms of a distance of 5a2 and 
Si-atoms of a distance of 2√2aଵ are separated on both sides at state0. If loading 
∆ܶ ൌ ൅1°ܥ and imposing a fictitious expansion coefficient at 0 for GaN, we can get 
the fictitious expansion coefficient ߣ௫  to make them face to face at state1 by 
expression (5.16): 
ߣ௫ ൌ ሺ5ܽଶ െ 2√2ܽଵሻ/2√2ܽଵ,                                        (5.16) 
therefore, when loading ∆ܶ ൌ െ1°ܥ  and taking the same fictitious expansion 
coefficients for GaN and silicon, state1 return to state0. The strain and stress in the 
GaN epitaxial layer will be simulated during the inverse process “from state1 to 
state0”. 
Of course, the fictitious expansion coefficient ߣ௬ for silicon in yg1 could be 
calculated by the same way from epitaxial relation in figure 5.12, given by expression 
(5.17) .  
ߣ௬ ൌ ሺ√3ܽଶ െ ܽଵሻ/ܽଵ,                                             (5.17) 
 
 
 
 
State 0: before connection State 1: after connection 
Figure 5.13 Two layers before connecting and after connecting. 
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5.3.2 Simulation Results and discussion     
         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the real situation of our sample, the thickness of silicon substrate is large 
enough to release the strain in the substrate. In the model, we firstly calculate the 
X (m) 
ε୷୷
Z 
(m
) 
X (m) 
ε୶୶ 
Figure 5.14 The calculated strain ε୶୶ and ε୷୷ at the xz-plane (y=0) for 400m ൈ 400m 
mesa. The color tables are shown on the right. 
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Figure 5.15 The calculated strain ε୶୶ (red line), ε୷୷ (green line) and ε୸୸ (blue line) along 
the z-axis at the centre from the bottom (Z=0 m) to the top (Z=1000 m).  
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critical thickness of substrate in order to ensure the strain free at the base plane of 
substrate. Thus it allows to calculate accurately the stain in the GaN layer by inputting 
the substrate thickness larger than critical value. In addition, the values of lattice 
constants and elastic constants were input from table 2.1 and table 5.2, respectively. 
At this moment, the fictitious temperature was loaded at the GaN layer and the 
thermal expansion coefficient of silicon was set at zero. The strain distribution can be 
obtained correctly only in the substrate since it deforms from the initial state. 
The height of substrate was initially set at 1000m into the simulation. Figure 
5.14 illustrates the strain distribution of ε୶୶ and ε୷୷ in the substrate. It is obvious 
that the strain in X- and Y- direction are totally different. We notice that the strain in 
the x- direction ε୶୶ is compressive whereas the strain in the y- direction ε୷୷ is 
tensile in the zone under the mesa. The structural symmetry and biaxial condition in 
the silicon has been broken due to its special growth mechanism. The strain at the 
boundary of interface is always maximum and symmetric with respect to the Z-axis. 
To evaluate the depth of the influence by the mesa, we plotted the three components 
of strain along the z-axis in the centre, shown in figure 5.15. It is clear that the strain 
induced by GaN mesa decreases gradually and approach to zero with Z below 400 m. 
Therefore, to achieve the strain free at the bottom of substrate and get the accurate 
strain in the GaN layer, we entered 1000m of the height of substrate for the 
simulation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Now the fictitious deformation was implemented on the substrate and made the 
thermal expansion coefficient of GaN at zero. Thus we can obtain the strain 
distribution in the GaN layer only related to the mechanical expansion. Figure 5.16 
shows the total in-plane strain distribution ε୶୶+ε୷୷ along the x-axis in the lozenge 
shaped mesa (400 m length, 12 m thick). The four curves correspond to the strain 
in different depth of 1 mm, 3 mm, 6 mm and 11 mm away from the top surface. It 
1 m
3 m
6 m
11 m
Figure 5.16 The calculated in-plane strain ε୶୶+ε୷୷ along the x-axis in the GaN mesa 
(400m x 400m, 12m thick) with a distance away from the top surface (1m, 3m, 
6m and 11m). 
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shows maximum compressive at the center of the mesa and it decreases gradually 
towards the edges. At the center, it exhibits almost an identical strain no matter what 
depth. The strain free should be found at the edges. However, due to the discretization 
method, the calculated values get larger uncertainties and are less reliable. To further 
analyze the effects of different size and thickness, we take the strain in the middle 
height to represent the average strain of the mesa. 
To see the influence of the mesa size, the in-plane strain profile curves of 50 m, 
100 m, 200 m and 400 m length mesas are shown in figure 5.17. We found that  
the GaN mesa of all size are under compressive strain and the maximum strain is 
always at the center of mesa since it is far away from the free edges. The larger the 
mesa is, the more compressive strain they have. For the 400 m length mesa, the 
strain attains -2.7% at the center. For the smallest mesa, the strain at the center has 
only -0.62%. Thus the smaller size mesa can release more strain because the interface 
surface decreases. This is consistent with Raman experiments and we can expect no 
strain in the NW situation. It indicates that the size of the mesa playing an important 
role to release the strain of the GaN layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Now we turn to the effect of GaN thickness on the strain. Figure 5.18 shows the 
in-plane strain in the center of GaN layer of different thickness (1 m and 12 m). 
The size is 100 m x 100 m. The in-plane strain decreases with the increase in the 
thickness of GaN. In the case of 20 m, only -0.6% compressive strain is found. As 
we expected, the thicker the GaN layer is, the more strain free surface can release the 
strain. In other words, the farther away from the interface it is, the less strain they 
have. Thus the thickness of the GaN layer helps to release the strain. 
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Figure 5.17 The calculated in-plane strain ε୶୶+ε୷୷ along the x-axis in the GaN mesa 
of different size (50 m, 100 m, 200 m and 400 m).  
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Finally, the in-plane strain is simulated for a 200 m x 200 m mesa (12 m 
thick GaN film) but with different pattern height (5 m, 1 m and 15 m) as shown 
in figure 5.19. We did not see much difference of the in-plane strain and found to have 
almost identical profile for these 3 cases. That is to say, the height of pattern does not 
play a role to release the strain on the GaN layer. This is in agreement with the results 
extracted from Raman measurements for the cases of 5 m and 10 m. For the 15 m 
height of GaN mesa, the discrepancy (see figure 5.5) could be due to the role of 
uncertainties related to Raman measurements, which can be important in this case of 
low strain values. 
    It is interesting that the simulated strain does not follow the experimental 
t=1 m
t=6 m
t=12 m
t=20 m
h=5 m
h=10 m
h=15 m
Figure 5.18 The calculated in-plane strain ε୶୶+ε୷୷ along the x-axis in the GaN 
mesa of different thickness (1 m, 6 m, 12 m and 20 m).  
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Figure 5.19 The calculated plane strain ε୶୶+ε୷୷ along the x-axis in the GaN mesa grown on 
the silicon pattern of different heights (5 m, 10 m and 15 m).  
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expectation extracted from Raman frequencies. In the FEM modeling, the in-plane 
strain is found to be compressive whereas that extracted from Raman measurements is 
always tensile. This opposite strain may be caused by two reasons. On the one hand, 
when the “fictitious thermal connection” was applied for the structural mechanics, we 
neglected the interlayers between the GaN and silicon pattern which have the 
possibility to change the behavior of the strain relaxation. On the other hand, biaxial 
strain approximation could not be applied to extract strain from Raman measurements. 
Since in our case, the GaN and silicon have not the same crystalline structure. The 
two strains ߝ௫௫ and ߝ௬௬ could not be identical. This suggests the presence of other 
relaxation mechanism. More detailed kinetic mechanism during the growth should be 
necessary for deeper understanding. 
5.4 Conclusion 
This part of the thesis has been dedicated to the study of strain distribution in 
selectively grown GaN material on Silicon. Localized growth of materials is 
promising in the future for reducing negative consequences on highly mismatched 
heterostructures, as it is the case of GaN/Si. By taking advantage of high quality 
process for etching Silicon, GaN mesa of different sizes, thickness and on different 
trench width in Silicon, have been fabricated and analyzed experimentally by different 
techniques. Here we report the results of Raman scattering experiments that are 
interesting to have an idea of the spatial distribution of strain, even if Raman 
experiments do not provide direct information on strain but tentative estimation based 
on biaxial strain approximation. Calculations of strain have also been realized by 
developing a method specifically dedicated this new interface, hexagonal wurtzite 
GaN on cubic Silicon. Main result is that reducing the mesa size can be to reduce the 
strain magnitude, while trench widths do not seem to have a strong influence on strain. 
Increasing thickness helps in reducing residual strain in GaN mesa. Even if limitations 
appear in relation with the existence of plastic process at the interface which are not 
described by our approach, this study shows promising way to develop further on in 
order to take a clear advantage of combining advanced process in etching/lithography 
of materials and original design of mesa. 
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Chapter 6 Conclusion 
In this thesis, we have mainly studied the optical, structural and vibration 
properties of GaN NWs ensemble and single NWs. This work is a follow up of the 
Raman scattering studies in GaN/AlN NWs. A lot of fundamental phenomena related 
to these functionalized superlattices or core-shell NWs structures devices being very 
complicated, we thus concentrate our work on the first step GaN NWs material. In 
order to understand the basic principles of experimental techniques used and the 
physical properties of these nanomaterial, in the first chapter, we introduced the 
background, overview of the III-Nitride material and the description of the 
characterization techniques used in this study. The second chapter contains a 
presentation of Raman tensors, Raman selection rules and the optical properties of 
GaN material with wurtzite crystalline structure. 
In the chapter 3, we focused on the GaN NWs ensemble. We first show the 
growth and structural characterization of NWs samples. They were grown by plasma 
assisted molecular beam epitaxy without catalyst. The typical size is found to be 3 m 
long and 50-90 nm in diameter. Then we performed Raman measurements to 
investigate the detailed optical properties in NWs with visible and UV excitation. In 
addition to conventional Raman scattering by confined optical phonons (i.e. E2 and 
QLO modes), we have detected surface related modes located near 700 cm-1. We took 
the Raman measurements by changing experimental parameters, such as polarization, 
incident angles and dielectric constant of surrounding medium. We found that these 
two surface phonon modes frequencies depend strongly on the local filling factor and 
the angle of the wavevector of the incident light with respect to the NWs orientation. 
Furthermore, a large redshift of SO modes has also been found when the NWs are 
surrounded by the organic solution. For the interpretation, a theoretical model has 
been developed to describe the NWs ensemble by means of an effective dielectric 
function. Those numerical simulations are in reasonable agreement with Raman 
observations and suggest that these two peaks result from the splitting of SO phonon 
into axial (A1-like symmetry) and planar (E1-like symmetry) modes. 
In the chapter 4, we centered on single GaN NWs and studied the size and aspect 
ratio dependent Raman scattering. We introduced firstly the experimental approaches 
to prepare the single NWs. They are detached from the free standing NWs ensemble 
samples using an ultrasonic bath and dispersed on highly ordered pyrolytic graphite. 
Then we took the Raman scattering for 6 single NWs which have different size and 
aspect ratios. The high polarized Raman scattering in single NWs has been found. The 
intensity of A1(TO) mode is extremely high. They are contributed by the Raman shape 
effect and cavity effect (or antenna effect). Moreover, the confined modes and surface 
modes in single GaN NWs located between the LO and TO phonon frequencies have 
also been found in Raman measurements. These modes were analyzed and confirmed 
by DDA calculations in the frame of dielectric confinement theory. By the electric 
field distribution calculated at the frequencies of each peak, we can obtain their 
vibrations characters, either confined modes or surface modes. 
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In the chapter 5, we investigated the strain in GaN epitaxy grown on silicon 
substrate. At present, the silicon is still the best choice for the growth of GaN based 
device. Therefore, we need to study the strain and stress caused by their large lattice 
mismatch and thermal expansion coefficient mismatch. We took the Raman 
measurements on the sample surface and calculated the strain by the phonon 
deformation potential within the biaxial approximation. To verify the experimental 
results, we developed a finite element model based on linear anisotropic elasticity 
theory to simulate the strain distribution. The principle of “thermal connection” used 
in the model is aimed to the mechanical behavior of epitaxial deposit. We analyzed 
the influences of different mesa size, pattern height and layer thickness. Although we 
have found the opposite strain in the GaN layer, their profiles are in the reasonable 
agreement with the Raman experiments.  
The GaN epitaxial growth on the patterned silicon is complicated and possible 
plastic relaxation which can occur. Moreover, additional interlayers present in our 
simples have not been modelized while these layers may change the strain relaxation 
significantly. Therefore, the model needs to be improved and completed in the future 
work. 
    For the parts of Raman scattering in GaN based NWs, the structural and optical 
properties of functionalized GaN/AlN NWs or ternary GaxAl1-xN NWs will be 
involved. In fact, we have analyzed UV Raman scattering in the GaxAl1-xN NWs of 
different Al composition. It is shown that there is a strong material inhomogeneity 
during the growth of GaxAl1-xN alloy at micrometric and nanometric scales. Thus it 
may help the researchers involved in the growth of thess nanoobjets to improve the 
growth technologies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
